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Abstract 
This study develops understanding of vegetation change and water, sediment 
and carbon dynamics in semi-arid environments. Objectives were addressed 
using an integrated ecohydrological and biogeochemical approach. Fieldwork, 
over two contrasting grass-woody transitions at the Sevilleta National Wildlife 
Refuge, New Mexico, USA; quantified vegetation structure, soil structure and 
the spatial distribution of soil carbon resources. Over both transitions; woody 
sites showed a lower percentage vegetation cover and a greater heterogeneity 
in vegetation pattern, soil properties and soil carbon. Soil organic carbon 
differed in both quantity and source across the sites; with levels higher under 
vegetation, particularly at the woody sites. Biogeochemical analysis revealed 
soil organic carbon to be predominantly sourced from grass at the grassland 
sites. In contrast, at the woody sites soil organic carbon under vegetation 
patches was predominantly sourced from woody vegetation, whilst inter-patch 
areas exhibited a strong grass signature. 
Investigation of function focussed on the hydrological response to intense 
rainfall events. Rainfall-runoff monitoring showed woody sites to exhibit greater; 
runoff coefficients, event discharge, eroded sediment and event carbon yields. 
In contrast to grass sites, biogeochemical analysis showed the loss of organic 
carbon from woody sites to exhibit a mixed source signal, reflecting the loss of 
carbon originating from both patch and interpatch areas. To examine the 
linkages between vegetation structure and hydrological function, a flow length 
metric was developed to quantify hydrological connectivity; with woody sites 
shown to have longer mean flow pathways. Furthermore, in addition to rainfall 
event characteristics, flow pathway lengths were shown to be a significant 
variable for explaining the variance within fluxes of water, sediment and carbon. 
Results demonstrating increased event fluxes of sediment and carbon from 
woody sites have important implications for the quality of semi-arid landscapes 
and other degrading ecosystems globally. It is thus necessary to translate the 
understanding of carbon dynamics developed within this study to the landscape 
scale, so changing fluvial carbon fluxes can be incorporated into carbon 
budgets, research frameworks and land management strategies at policy-
relevant scales.  
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variance value letters indicate degree of spatial dependence: 
s=strong; m=moderate; w=weak 
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organic carbon; OC yield = mean event sediment associated OC flux 
from 300m2 site. abcmean event statistics followed by the same value 
are not statistically different (p<0.05).             
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Table 7.5  Summary statistics from GAM model. The full model was run with 
mean flow pathway length (MFPL calculated for all sites from smooth 
DEM), event rain (ER) and maximum rainfall intensity (IM) as 
controlling variables. Additionally the model was run with only mean 
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flux (viewed as a dependent variable, Q=discharge, OC = organic 
carbon) the model p value is presented along with explained 
deviance (%), the full model R2 values are also presented.        
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Table 9.2  Linear regression results, showing R2 and significance of the 
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= runoff coefficient; Q = discharge; Sy = sediment yield; SOM = soil 
organic matter; SOC = soil organic carbon. 
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Table 10.1   
Linear regression results, showing R2 and significance of the 
relationship between rainfall-runoff event characteristics and 
palustradiene concentration. Results followed by an * are statistically 
significant at the p<0.05 level. ER = event rain; Im =maximum rainfall 
intensity. RC = runoff coefficient; Q = discharge; Sy = sediment yield; 
SOC = soil organic carbon. 
 
Summary of key results for biogeochemical analysis of eroded 
sediment. δ13C ‰ = the mean bulk carbon isotope value (±SE); % C4 
= the estimated percentage of C4 sourced organic material, % C31 = 
the percentage contribution of C31 n-alkane (relative to total 
measured C27-C35); C27:C31 = ratio of C27:C31 presented as a decimal 
fraction.  For measured variables, values followed by the same letter 
are not significantly different whist values followed by a different letter 
are significantly different (p<0.05). 
 
225 
 
 
 
 
 
 
252 
Table 10.2 Estimated mean soil organic carbon storage per study site to a depth 
of 5 cm (SOC g C   m-2 ± SE N = 90) along with; estimates of 
aboveground biomass storage (AGB g m-2), annual net primary 
productivity (ANPP g m-2) and mean organic carbon yields eroded 
during rainfall-runoff events (OC g m-2 ± SE N = 8-11 depending on 
site). For measured variables, values followed by the same letter are 
not significantly different whist values followed by a different letter are 
significantly different (p<0.05). 
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site to a depth of 5cm (SIC g m-2 ± SE N = 90) and mean inorganic 
carbon yields eroded during rainfall-runoff events (IC g m-2 ± SE N = 
8-11 depending on site). For each variable values followed by the 
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1. Introduction 
This study aims to develop understanding of grass-to-woody vegetation change, 
soil erosion and associated water, sediment and carbon dynamics in semi-arid 
environments. Drylands, including semi-arid environments cover over 40 % of 
the terrestrial land surface  and are home to 2.3 billion people (WRI., 2002). 
Furthermore, over half of the people living in drylands have been classified as 
poor or marginalised, relying directly on the natural resources provided by the 
land (UNCCD, 1994). Thus, any widespread environmental changes will have 
widespread socio-economic implications (Zafar et al., 2005). The encroachment 
and establishment of woody vegetation in grasslands has been widely observed 
in semi-arid environments globally (Manjoro et al., 2012, Krull et al., 2005, 
Archer et al., 1995, Chartier et al., 2011). Woody encroachment reduces grass 
productivity and therefore, the suitability of land for grazing (Asner and Martin, 
2004). As such, woody encroachment has often been viewed as a form of 
environmental degradation or desertification (Ceballos et al., 2010, D'Odorico et 
al., 2013, Ravi et al., 2010, Okin et al., 2009). 
Drylands by definition are water limited, with semi-arid lands often classified as 
being environments receiving between 300-600 mm of annual precipitation 
(FAO, 1987). Whilst the Köppen Climate Classification System defines semi-
arid (or Steppe) environments as those receiving marginally less precipitation, 
than potential evapotranspiration (Peel et al., 2007). Therefore, water 
availability is a key control over both ecological and geomorphological 
processes (Clark et al., 2002, Wainwright et al., 2000) and thus, understanding 
any differences in hydrological behaviour associated with vegetation changes 
are critical. Previous research has found that woody encroachment results in 
increased rainfall-runoff coefficients and increased soil erosion (Parsons et al., 
1996). 
Soil erosion, is the most common cause of soil degradation (OIderman, 1994) 
and is the cause of multiple environmental problems, including reduced soil 
fertility (Schlesinger et al., 1990) and sedimentation and water quality issues in 
connected channel networks (Osterkamp, 2004). Furthermore, the role played 
by soil erosion is a major source of uncertainty in the global carbon cycle (Lal, 
2003b, Jackson et al., 2002), with scientific opinion currently divided as to 
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whether soil erosion constitutes a source or sink of carbon (Lal, 2005, Jacinthe 
and Lal, 2001, Van Oost et al., 2007, Berhe et al., 2007). Whilst carbon levels in 
dryland soils are typically low compared to their temperate counterparts 
(Trumper et al., 2008, Campbell et al., 2008) their widespread occurrence 
makes them of global importance. It has been estimated that dryland soils store 
over 27% of the global soil organic carbon reserve (Zafar et al., 2005). 
Consequently, in areas undergoing grass-to-woody vegetation change, it is 
crucial to understand changes to soil carbon dynamics (Breshears et al., 1999, 
Brazier et al., 2013). 
To advance understanding of the relationship between semi-arid vegetation 
change and carbon dynamics; this study investigates two vegetation transitions 
at the Sevilleta National Wildlife Refuge, New Mexico. The two transitions 
consist of changes from grama grassland to creosote shrubland and grama 
grassland to piñon-juniper woodland. Such landscape types occupy large 
swathes of the South-Western United States (Van Auken, 2000) and thus, 
results presented herein will have widespread relevance. The approaches used 
and results presented within this study can be split into two main (albeit closely 
linked) sections. The first uses an ecohydrological monitoring approach to 
quantify differences in structure and hydrological function over the two 
transitions, before assessing whether the observed trends of structure and 
function can be linked via hydrological connectivity. The second uses 
biogeochemical analysis of soils and eroded material to trace the provenance of 
organic carbon and advance understanding of its distribution and movement 
through semi-arid environments.  
The contents of this thesis are presented in ten chapters. Following this 
introduction, Chapter 2 conducts a literature review placing this study within the 
wider context of previous and ongoing research. First, an overview of grass-to-
woody vegetation change in the Southwestern United States is given and a 
description is provided of the key species involved. Secondly, the proposed 
drivers and mechanisms for woody encroachment are presented and evaluated. 
Third, the need to combine ecological and hydrological understanding, thus 
taking an ecohydrological approach to addressing vegetation change 
(Wainwright, 2009) is justified and changing ecohydrological interactions 
associated with woody encroachment are discussed. Fourth, the implications 
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grass-woody vegetation change has for carbon dynamics are discussed. 
Finally, theoretical frameworks and conceptual approaches which have 
previously been applied to understand semi-arid environments are critically 
assessed and gaps in existing understanding that this study hopes to address 
are identified. 
Based upon the findings of Chapter 2 and in the context of the overall aim of 
this study; Chapter 3 presents and justifies the specific objectives that this study 
addresses. Chapter 4 documents and justifies the methodology used to address 
the identified objectives of this study. First, a detailed description of the study 
sites within the Sevilleta National Wildlife Refuge, New Mexico is provided. 
Secondly, the field, laboratory and data analysis methods used are outlined. 
Results methods are separated into five sections, with the aim of providing the 
reader with an easy to use resource, detailing the approaches used within each 
of the results chapters.  
This thesis contains five results chapters. Chapter 5 presents and discusses 
results pertaining to ecosystem structure over the two monitored transitions; 
focussing on the spatial distribution of vegetation, soil properties and soil carbon 
resources. Chapter 6 presents results regarding ecosystem hydrological 
function, based upon the monitoring of runoff generating events during the 2010 
and 2011 monsoon seasons. Results are analysed focussing on how fluxes of 
water, sediment and carbon vary over the two monitored grass-to-woody 
vegetation transitions. Chapter 7 seeks to quantify hydrological connectivity by 
using a flow length metric, before examining whether the trends observed in 
Chapter 6 can be explained using the calculated flow length metric. Chapters 8 
and 9 use biogeochemical tracing techniques to increase understanding of 
carbon dynamics, tracing the movement of organic carbon, from source 
vegetation, to soil, through to eroded sediment. Chapter 8 uses stable carbon 
isotope signatures to differentiate between grass and woody sources of organic 
carbon. Chapter 9 seeks to derive more specific signatures and therefore, a 
greater understanding of carbon dynamics via the analysis of compounds 
present in plant waxes. To conclude this thesis, Chapter 10 summarises the key 
findings of the study in the context of the identified aims and objectives. Chapter  
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10 identify key areas for further research to build upon this study. First, 
proposing key areas for further research to increase understanding of 
vegetation transitions and carbon dynamics in semi arid environments and 
second through the application of the ecohydrological and biogeochemical 
techniques used herein to address other pertinent environmental research 
questions. 
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2: Context of Research 
2.1. Introduction: the importance of understanding drylands and dryland 
vegetation change 
Research indicates that due to the combined pressures of population growth and 
climate change, the area and population of drylands will continue to increase in the 
future (Reynolds et al., 2007), with model predictions suggesting the Southwestern 
United States; southern Europe; the Mediterranean; and the Middle East will all 
experience a transition to a more arid climate within a yearly to decadal timescale 
(Okin et al., 2009, Seager et al., 2007).  
Existing dryland areas are also experiencing environmental change. Research 
suggests between 10 to 20% of existing drylands are experiencing degradation in 
the form of desertification, resulting in a reduction in productivity and a loss of soil 
nutrients (Reynolds et al., 2007, Zafar et al., 2005). A widely observed change 
occurring in dryland environments, is the transition from grass to woody dominated 
landscapes (Asner et al., 2003a, Van Auken, 2000) with these vegetation transitions 
believed to be often persistent and irreversible (Michaelides et al., 2009). Okin et al 
(2009), identify woody encroachment as a key form of desertification and examples 
have been observed globally (Asner et al., 2003b, Krull et al., 2005, Van Auken, 
2009, Cabral et al., 2003). Woody encroachment alters both, ecosystem structure 
and function (Turnbull et al., 2008b) with a wide range of environmental and socio-
economic implications (Okin et al., 2009, Huxman et al., 2005). Implications range 
from local impacts upon land use and biodiversity (Bestelmeyer, 2005), to regional 
and global scale; biogeochemical cycling (Schlesinger et al., 1990), carbon budgets 
(Geesing et al., 2000) and climate change (Taylor et al., 2002). 
This chapter examines the existing understanding of grass to woody vegetation 
change in semi-arid environments, focusing primarily on changes occurring across 
the Southwestern United States (US-SW). Proposed drivers of woody encroachment 
are discussed, before current understanding of structural and functional change is 
reviewed and areas for further research noted. Existing conceptual frameworks for 
understanding grass to woody vegetation woody are also reviewed, to assess if they 
offer useful approaches to addressing the questions posed in this study. 
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2.2. Vegetation change in the US-SW 
Grass to woody vegetation transitions have been widely observed in drylands of the 
US-SW, broadly encompassing semi-arid areas of Arizona, California, Colorado, 
Nevada, New Mexico, Oklahoma, Texas and Utah. Vegetation in semi-arid areas of 
the US-SW is spatially variable (Neave and Rayburg, 2006): dependent upon factors 
including climate; soil type; and geomorphic position. For example in the Jornada 
basin, New Mexico; black gamma grasses grow on upland sites where soils are 
sandy and gravelly, whilst creosote shrublands typically dominate bajada slopes 
(formed from alluvial fans at the base of mountains), mesquite shrublands are 
common on deep sandy soils and coniferous woodland species such as piñon-pine 
and juniper are common in neighbouring mountainous areas.  
Vegetation change in the US-SW has also been shown to be temporally variable. On 
longer timescales it is known that desertification and vegetation transitions are not a 
new phenomenon in the US-SW (Fredrickson et al., 1998), with past climate shifts 
and geological activity affecting the range and distribution of vegetation species and 
resulting in periods of desertification (See overview in Fredrickson et al., 1998).  The 
Holocene, is broadly believed to correspond to a transition to the warmer, more arid 
climate, currently  experienced in the US-SW (Fredrickson et al., 1998). However, 
palaeo-environmental records show cycles of grass to woody vegetation transitions 
have occurred in relation to climatic trends such as drought periodicity (Clark et al., 
2002). Though vegetation responses vary with location and climatic event; as a 
generalisation, a movement down in elevation and southerly response to wet and 
cool periods and a northerly and upward migration during warm/dry periods has 
been observed (Dick-Peddie, 1993). Temporally, vegetation cover also varies on 
much shorter annual timescale, dependent on weather conditions, with  black grama 
grass coverage varies from around 44% of the total vegetative cover in dry years to 
around 75% in wet years (Paulsen and Ares, 1962).  
Despite correlations with short term fluctuations in climate, over the last couple of 
centuries many semi-arid areas in the US-SW have experienced a pronounced and 
rapid expansion of woody species into areas previous dominated by grasslands (Van 
Auken, 2000, Asner et al., 2003a). Vegetation surveys in the Summerford bajada 
(coalescing alluvial fans), New Mexico indicate that, prior to 1915, and it was 
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predominantly covered by black grama grasses (Buffington and Herbel, 1965). 
Recently, however, complete black grama communities are found only at the base of 
Mount Summerford, and the majority of the bajada is covered by creosote shrubland 
(Neave and Rayburg, 2006). 
Investigations into the recent and rapid increase in woody species have 
hypothesised that climate, fire and livestock grazing are key driving factors.  The 
causes of woody encroachment have been identified as complex (Barger et al., 
2011) and there is a lack of understanding and a high level of uncertainty over the 
drivers (Fredrickson et al., 1998, Humphrey, 1987, Archer et al., 1995, Van Auken, 
2009). The following sections examine the characteristics of key grass and woody 
species and review hypothesised drivers of woody encroachment in drylands. 
2.3 Vegetation characteristics 
In recognising that vegetation change results in multiple interactions between 
vegetation and abiotic structure and function, it is essential to have an understanding 
of the vegetation species involved (Archer et al., 2011). The following section 
examines the characteristics of grama grass, creosote, piñon and juniper species. 
The transition from grama grassland to creosote shrubland and the transition from 
grama grassland to juniper or piñon-juniper woodland, accounts for two of the most 
widespread grass-woody vegetation transitions occurring across the semi-arid US-
SW and these form the basis for the vegetation change monitored in this project. 
(Vegetation diagrams and maps of vegetation distributions across the US-SW can be 
accessed at http://plants.usda.gov). 
Grass species 
Grama Grass (Bouteloua eriopoda and Bouteloua gracilis)  
Black grama grass (Bouteloua eriopoda) is a warm-season, perennial C4 grass 
native to the United States. Black grama morphologically has developed special 
structures adapted specifically to hot, dry climates (USDA NRCS). The leaf or shoot 
of black grama exhibits large bundle sheath cells surrounding, vascular bundles, a 
very thick epidermal layer and stomata with very narrow openings to minimise water 
loss. The water saving adaptations of black grama are further enhanced by curved 
cap like structures over the junction of the guard cells and cells allowing the plant to 
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fold and roots with a very thick endodermal layer that regulates water intake  
(O’Donnell et al., 2003). Therefore, black grama exhibits a high degree of drought 
and fire tolerance, yet is intolerant to shade (USDA NRCS), these characteristics 
explain its distribution across the US-SW. 
The growing period of black grama occurs in summer and autumn, with new leaves 
growing from buds at nodes on stolons and from auxiliary buds at basal nodes. The 
seeding habits are not dependable. It reproduces primarily from stolons (adventitious 
stems). A healthy plant generally produces six to nine stolons. Two favourable 
successive growing seasons are required for reproduction by stolons: First year, to 
produce stolons; second year, for stolons to take root and establish new plants. It 
generally grows in pure stands. Black grama grows mostly on dry gravelly or sandy 
soils and seldom on clay loams or clay flats. Black grama is characteristically a lower 
altitude grass (1000 to 1500 m elevation), but occasionally grows at elevations of 
2000 m (Magee, 2005). Black grama grassland, has seasonal patterns of 
photosynthesis closely coupled to the availability of soil moisture (Schlesinger et al., 
1990), with studies in the Chihuahuan desert showing greatest growth and 
reproduction of C4 grasses such as black grama, in the late summer and autumn 
following high levels of summer rainfall (Kemp, 1983).  The relatively high degree of 
coverage in black grama dominated landscapes results in high rainfall infiltration 
rates and low runoff of water and nutrients, due to the lowering of effective raindrop 
energy, this in turn is believed to result in a relatively uniform horizontal availability of 
resources (Schlesinger et al., 1990). Black grama is a choice forage grass grazed by 
all livestock and in some cases is harvested for hay during the wet season, however 
overgrazing easily kills black grama leading to degradation. 
Similar to black grama but with a wider distribution, blue grama (Bouteloua gracilis) 
is a warm season C4 grass found throughout the United States. The extent of this 
distribution is aided by the species phenotypic plasticity (ability of an organism to 
alter its physiology or morphology in response to changes in environmental 
conditions). As a result when growing in the more warm and arid southern states, 
blue grama grows as a bunch grass however in northern areas, mountains or areas 
that experience heavy grazing blue grama can be a sod former (Wynia, 2007).  Blue 
grama, grows well under a variety of conditions and of soil types ranging from sands 
to clays, but is most effective when grown in dryer areas. Blue Grama demonstrates 
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good drought, fair salinity and moderate alkalinity tolerance, but is not tolerant of 
frequent flooding or submergence. It is also intolerant of shade and acidic soils. It is 
variably tolerant of fire, but can be damaged if burned during active growth, 
especially under drought conditions. Blue grama grows at elevations of 1000 m up to 
2000 m in New Mexico and has been reported growing at 3000 m. Forage 
production is best where annual precipitation is 300 to 350 mm, although the species 
has a tolerance of 200-560 mm (USDA NRCS)  and maximum growth occurs during 
the warmest part of summer (Wynia, 2007).  
Woody Species 
Creosote shrub (Larrea tridentata) 
Creosote or creosotebush is an evergreen C3 shrub dominant or co-dominant in 
many plant communities in the Mojave, Sonoran, and Chihuahuan deserts of the 
USA (Marshall, 1995, Whitford, 2002). Creosotebush occurs on 35 to 46 million 
acres (14-18.4 million ha) in the Southwest, usually occurring in open, species-poor 
communities (Marshall, 1995). Numerous studies have also shown creosote 
occurring as a species associated with vegetation change in desert grasslands 
(Marshall, 1995, Van Auken, 2000, Whitford, 2002, Wilcox et al., 2003a).  
The success of creosote in semi-arid environments such as the Chihuahuan Desert, 
New Mexico, often with low availability of both nutrients and water, is believed to be 
as a result of both physiological and morphological adaptations, (Whitford, 2002).  
The stem and leaf orientation of creosote allow maximum light interception in the 
early morning, when cool temperatures and high humidity allow open stomata and 
efficient water use for photosynthesis. Root and canopy structure also offer 
advantages, with deep roots in addition to a network of fine surface roots. The 
characteristics of creosote thus, enables the quick utilisation of soil water from short 
rain events and shallow surface nutrients  (Whitford, 2002). Whilst the deep roots 
allow access to stores of water during times of drought and act as a channel for 
stemflow water, enhancing the underlying fertility, with studies showing that whilst 
summer drought suppressed growth, this was followed by quick recovery by 
reproduction was not affected by summer drought, suggesting creosote bush are 
able to access water from the preceding rainy season (Whitford, 2002, Whitford et 
al., 1995). Additionally, creosote exhibits certain physiological adaptations such as a 
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high ability to reabsorb nitrogen from leaves prior to senescent abscission (Whitford, 
2002). 
Piñon pine 
Piñon pine is an evergreen tree or shrub native to the Southwestern United States, 
growing 5-12m high. It is commonly found on dry mountain slopes and plateaus, 
growing scattered in open woodlands at 1200-2500 m elevation. Whilst it can grow in 
pure stands, in areas such as the Sevilleta, New Mexico, it is more often found 
growing in conjunction with Juniper species (Nesom, 2003). Piñon Pine has an 
active growing season during the spring and summer months and whilst preferring 
wetter soils (Nesom, 2003) is relatively drought resistant with a precipitation range 
between 230-685 mm (USDA NRCS).   
Juniper 
Oneseed juniper is a perennial, tree or shrub native to the US-SW. The species 
exhibits a high degree of drought tolerance with a precipitation range between 200-
660mm (USDA NRCS). In the Sevilleta it is found as a co-dominant species on 
mountains with piñon pine, a species which shares its spring/summer growth period. 
Compared to piñon, junipers have deeper root penetration (both tap and lateral 
roots) and drought resistance, therefore following disturbances is likely to dominate 
regeneration (Nesom, 2003). 
Piñon-juniper woodland 
Within piñon-juniper woodland environments, trees and their understory vegetation 
are interspersed by bare or grass areas forming a mosaic of vegetation patterns 
(Armentrout and Pieper, 1988). These vegetation patterns exert a control on 
hydrological processes with a reduction in runoff and an increase in infiltration 
observed under piñon-juniper in contrast to inter-canopy areas (Wilcox et al., 2003b). 
Wilcox et al (2003b) attempted to explain different hydrological properties as a result 
of enhanced soil infiltration as indicated by hydraulic conductivity. Wilcox et al 
(2003b) found unsaturated hydraulic conductivity to be higher under canopy soils 
than intercanopy soils at the patch scale, in addition, at the unit scale, under juniper 
or piñon canopy higher levels of unsaturated hydraulic conductivity were observed. 
Hydraulic conductivity patterns are attributed at the patch scale to the absorption 
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capacity of tree litter, contributing to reduced rates of runoff and erosion, whilst at the 
unit level greater surface roughness, and greater surface storage potential of the 
herbaceous units results in reduced rates of runoff and erosion (Wilcox et al., 
2003b). Whilst results highlights the importance of studying processes occurring at 
different spatial scales, they were not significant enough to explain the extent of 
variation observed in runoff and infiltration, suggesting other processes such as leaf 
interception  and stem flow may play a role (Wilcox et al., 2003b).  Other studies 
investigating the ecohydrological properties of piñon-juniper woodland have 
highlighted the role these dominant vegetation species play in the creation of 
hydrophobic soils (Pierson et al., 2003, Mataix-Solera et al., 2007), a role that is 
often overlooked in non-fire related studies.  Madsen et al (2008) argues the failure 
of Wilcox et al (2003b) to explain the runoff and infiltration characteristics observed 
under piñon/juniper canopies is as a result of experimental techniques which fail to 
account for the occurrence of soil hydrophobicity. 
Madsen et al, (2008) propose that woody vegetation including piñon/juniper species 
modify the environment as a result of litter creating patchy hydrophobicity and as a 
result spatial heterogeneity in hydrologic processes, dependent on canopy radius 
which influences both soil hydrophobicity and microclimate. The presence of 
hydrophobic litter can result in the preferential routing through a few wet root-filled 
patches with greater infiltration capacity than the surrounding soil, resulting in greater 
soil moisture availability. The predominantly dry hydrophobic soil would also restrict 
upward movement towards the soil surface, therefore minimizing evaporative losses 
from under the vegetation canopy (Madsen et al., 2008, Jaramillo et al., 2000). High 
intensity precipitation may deliver a sufficient depth of precipitation to exceed the 
storage capacity of the canopy and litter material. Further, precipitation at a rate 
greater than sub canopy soil short term infiltration, under hydrophobic conditions 
could generate runoff during summer monsoon events (Madsen et al., 2008). The 
hydrophobic layer and resulting increased frequency and duration of litter mound 
wetness, may also influence other biogeochemical processes accelerating litter 
decomposition and increasing nutrient flow to tree roots (Madsen et al., 2008).  
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2.4. Drivers of dryland vegetation change 
Mechanisms and causes for the encroachment of woody plants into semi-arid 
grasslands are not fully understood (Van Auken, 2009, Barger et al., 2011), but the 
balance in competitive advantage between grass and woody species affecting the 
ability of grassland to resist encroachment at grass-woody vegetation transition 
zones seems to be critical (Müller et al., 2007b). When woody plant seeds germinate 
in grasslands and during their early stage of growth, the already established grasses 
have the competitive advantage (Van Auken, 2009), therefore preventing the 
encroachment of woody vegetation. However, if woody species are allowed to 
establish and reach a certain size, the competitive advantage is reversed. The roots 
of woody plant species are capable of reaching  deeper in the soil than grass roots 
and are therefore able to access additional and often more reliable water supplies 
(Whitford, 2002). The stem of woody vegetation is also higher than grasses, giving 
an additional advantage in terms of access to required light levels (Van Auken, 2009, 
Van Auken and Bush, 1997).   
The observed grass-woody vegetation transitions occurring in drylands of the US-
SW and globally suggests that the competitive ability of grass species is being 
reduced, allowing woody species to encroach and ecosystems are adjusting to a 
change in either current or historic controls on vegetation patterns (Archer et al., 
1995). Commonly cited drivers of woody encroachment include: climate, 
atmospheric CO2, fire and animal activity. 
2.4.1. Climate 
Climate is a key control over vegetation occurrence and pattern (Stephenson, 1990). 
Whilst at a small or local scale, factors such as anthropogenic land use or 
geomorphology may exert a control, climate is crucial to vegetation pattern and 
presence at all spatial scales (Woodward, 1987). Climate influences vegetation type 
and distribution via radiation, temperature, and precipitation (Swetnam and 
Betancourt, 1998). Grass to woody vegetation transitions in drylands have been 
attributed to climate in several forms, with the focus on temperature and precipitation 
trends. 
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Temperature 
Changing vegetation distributions in the US-SW have been developed from pollen 
records (Miller and Wigand, 1994 , Martin, 1999), which has been linked with 
radiocarbon dating and sea core oxygen isotope data to develop time series (Van 
Auken, 2009). Climate records show, in the past plant communities migrated as the 
climate warmed or cooled without the influence of anthropogenic activity. During the 
current warming trend (Holocene), in the US-SW, piñon-juniper woodland moved in a 
northerly direction or up in terms of elevation (Van Auken, 2009), facilitated by 
increasing temperatures expanding their environmental range into areas previously 
too cold. The semi-arid grasslands of the US-SW were previously lower in elevation 
and further south. Chihuahuan Desert shrublands were lower in elevation and further 
south. With climatic warming, grasslands are believed to have migrated to their 
current location (Van Auken, 2009). Modelled predictions of current and future 
climatic trends in US-SW show a warmer drier climate, especially during summer 
(Van Auken, 2000, Seager et al., 2007). However, a major problem with temperature 
as a control over the currently observed transitions is that an increase would be 
expected to extend the range of woody vegetation upward in elevation and in a 
northerly direction, into areas previously too cold, not the encroachment of woody 
vegetation into lowland grasslands that has been observed. 
Precipitation 
Periodic drought is a key characteristic of arid areas (Peters and Gibbens, 2006) and 
affects US-SW drylands across a range of temporal scales. Severe droughts of 2-4 
years, occur on average every 20-25 years (Scurlock, 1998). In the US-SW, 
research has focussed on the 1950s drought, believed to be the most severe 
recorded for 350 years (Fredrickson et al., 1998, Gibbens and Beck, 1987, Peters 
and Gibbens, 2006, Scurlock, 1998).  The drought lasted from 1951 to 1956 and saw 
a 43-47 % reduction in seasonal rainfall compared to the long-term average.  During 
and following the 1950’s drought, large scale reductions in black grama grassland 
were observed (Peters and Gibbens, 2006); with field evidence showing in some 
cases a replacement by woody shrub species (Gibbens and Beck, 1987). Dryland 
shrub species have been found to be less severely impacted by drought and react 
quicker to the end of drought, with enhanced growth, thereby outcompeting grass 
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species such as black grama which has been shown to have a comparatively slow 
recovery time (Peters and Gibbens, 2006). 
Changing inter-annual precipitation patterns have also been suggested as a cause 
for the expansion of woody species in the US-SW, with wet winters providing 
suitable conditions for the establishment of cool season shrubs, as opposed to wet 
summers which would favour the establishment of warm season grasses (Neilson, 
1986). Evidence includes research observing a three-fold increase in shrub density 
in Sonoran desert drylands, coinciding with higher winter precipitation levels (Brown 
et al., 1997). Gao and Reynolds et al (2003) used a spatially explicit landscape 
model to test the relationship between vegetation patterns and precipitation in the 
Jornada Basin, New Mexico; this investigation aimed to test the relationship with two 
hypotheses: (1) That wetter winters and drier summers may have facilitated shrub 
encroachment in grasslands; and (2) That increases in large precipitation events 
may have increased soil water recharge to deeper layers, thus favouring shrub 
establishment and growth. The results of Gao and Reynolds (2003) model indicate 
that dryland areas are particularly sensitive to climate variability. Extreme events 
such as the 1950s drought can lead to grassland disturbance providing a window of 
opportunity for woody expansion, although the model was only able to replicate 
shrub expansion, if drought was followed by an increase in winter precipitation. The 
model suggested that wetter winters and drier summers led to a decrease in grass 
growth and increased establishment, survival and growth for shrub species. 
However, importantly the model was unable to reproduce the shifts from grass to 
shrub domination observed on a major scale in US-SW drylands (Gao and Reynolds, 
2003). Thus, suggesting that multiple causes are behind the observed grass to 
woody transitions and any attempts to predict or manage transition needs to take 
into account: natural environmental characteristics; climatic trends; and 
anthropogenic land use activities (Boulant et al., 2009, Gao and Reynolds, 2003). 
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2.4.2. Atmospheric carbon dioxide concentrations 
Atmospheric CO2 levels have been suggested as playing a direct role in the 
encroachment of C3 woody species into dryland grasslands.  The CO2 hypothesis, 
which states that Holocene shifts in grass to woody dominance is the result of 
changes in atmospheric CO2, whether as a result of natural increases or post-
industrial CO2 increases (Polley et al., 1992), is an attractive theory, as atmospheric 
CO2 increase is a global phenomenon and could therefore be used to describe the 
globally observed encroachment of woody vegetation into drylands (Archer et al., 
1995).  The main supporting argument in favour of the CO2 hypothesis is that the C3 
photosynthetic pathway of all encroaching woody species is believed to be more 
advantageous at higher CO2 concentrations, than the C4 photosynthetic pathway 
utilised by many, (but not all) grass species  (Van Auken, 2009). Supporting the CO2 
theory is the 30 % increase in atmospheric CO2 over the past 200 years (from ca. 
270 ppm to 350 ppm) that has accompanied the invasion of C3 woody plants into C4 
grasslands (Archer et al., 1995). There is also a substantial body of research 
documenting the replacement of C3 taxa by C4 species during past glacial periods 
with lower atmospheric CO2 levels, followed by a reversal during subsequent 
interglacials with higher levels (Cole and Monger, 1994, Ehleringer, 2005, Van 
Auken, 2009).  Using palaeo carbon isotope ratios, Cole and Monger (1994) found a 
transition from dominant C4 grasses to dominant C3 shrubs on an alluvial fan in the 
Chihuahuan desert about 7-9 thousand years ago, corresponding with increasing 
CO2 levels from around 180 ppm during the last glacial maximum (~18,000yr BP) to 
around 275 ppm at 10,000 yr BP. Cole and Monger (1994) argue that the 
corresponding increase of CO2 levels by nearly 100ppm and a decline in δ
13C levels 
indicates higher CO2 levels favours C3 species and provides a better explanation 
than grazing, fire or other climatic variables. There are however, several key 
problems with the CO2 hypothesis being the  sole driver of vegetation transitions 
(Ehleringer, 2005, Peters et al., 2006, Van Auken, 2009) as summarised by Archer 
et al (1995): 
• CO2 theory fails to explain the replacement of C3 grasses by C3 shrubs. 
• If the CO2 enrichment hypothesis is correct, generally widespread shifts from 
C4 grasses to C3 grasses should also have occurred within grasslands during 
this time frame. Such does not appear to be the case. 
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• CO2 theory fails to explain the grass to shrub transition in some sites whilst 
neighbouring similar plant communities experience no transition. 
• Under the present atmospheric CO2 levels of 350 ppm, C4 species still have 
quantum yields, photosynthetic rates and water-use efficiencies comparable 
to or greater than those of coexisting C3 plants. 
• The extent to which benefits of increased CO2 will be manifested in enhanced 
woody plant growth and competitive ability will be constrained by interactions 
of other environmental resources, stresses and ecological interactions. 
• Several studies have failed to demonstrate a significant CO2 fertilizer effect on 
woody plant growth over the past century. For those which have, the 
response may have been the result of temperature rather than CO2. 
 
2.4.3. Fire 
A commonly cited driver of vegetation transitions in drylands is the reduced 
occurrence of fire (Grover and Musick, 1990, Peters and Gibbens, 2006, Van Auken, 
2009, White et al., 2008). Dependent on annual weather patterns, in the Chihuahuan 
Desert of the US-SW, most natural fires occur in June when ideal weather conditions 
transpire (low humidity, high temperatures and high winds), dry lightning strikes 
during dry periods, are also common. In the SNWR, New Mexico, natural fires are 
observed every two or three years in ungrazed black grama-dominated grasslands 
(Peters and Gibbens, 2006).  
Fire exclusion and suppression following settlement in the 1800s as opposed to 
higher historic pre-settlement occurrence of fires has been cited as a driver of 
change (Auken, 2009). There is much debate about the exact extent of pre-
settlement fires with evidence for higher frequencies based upon newspaper reports 
and travellers journals (Grover and Musick, 1990). However, there is general 
agreement that recurring fires control or reduce the establishment, density and 
growth of woody plants in semi-arid grasslands and as a result the occurrence of 
periodic fire in grasslands is of significant importance (Van Auken, 2009).  Fire is 
particularly effective in killing mesquite and creosote bush shrub species, thereby 
limiting their encroachment into grasslands prone to fire (Grover and Musick, 1990).  
An alternative hypothesis suggests woody species may have always been present in 
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south-western grassland landscapes as a dormant seedling bank, but suppressed by 
periodic fire. Reductions in fire frequency would thus allow the growth of already 
established, but suppressed shrubs (Brown and Archer, 1999). 
Fire on its own is thought unlikely as the driver of change (Peters and Gibbens, 
2006). Grover and Musick (1990) argue that fire was one factor acting in combination 
with others to limit pre-settlement woody encroachment, as even partial mortality is 
effective in limiting population growth and repeated burnings may have kept woody 
species small and therefore also vulnerable to other causes of mortality. In addition 
to the active suppression of fire in some agricultural landscapes, the reduction in fire 
frequency is believed to be as a result of other drivers causing grass degradation. 
Grass degradation and increasing areas of bare ground reduce both the fine material 
and connected vegetation pathways (Okin et al., 2009) necessary for fires. With a 
reduction of the grass fuel by as heavy and constant herbivory, fire frequencies 
would decrease, promoting establishment, growth and increased woody plant cover 
and density (Van Auken, 2009). Once woody species have established, it is argued 
only under exceptional circumstances is the growth of ephemeral plants under and 
between wood plants great enough to supply the material necessary for fire spread 
(Grover and Musick, 1990). 
2.4.4. Animal activity 
The final factor that is commonly cited as a driver of semi-arid vegetation transitions 
is the activity of animals. It is important to acknowledge this includes the actions of 
native wildlife, however, the key focus of research has been on introduced species, 
particularly domesticated agricultural livestock (Fredrickson et al., 2006). Livestock 
grazing increased in the US-SW pre-settlement, with census records showing a 
particularly marked increase in the 1880s (Fredrickson et al., 1998). The increase in 
grazing is attributed to several socio-political factors  including the arrival of railroads, 
the suppression of Indian raids (Grover and Musick, 1990) and the ending of the 
American civil war (see review of post-war  land use, expansion and management 
Fredrickson et al, 1998). In reviewing the impacts of domestic livestock, Peters and 
Gibbons (2006) identified four areas that livestock influence patterns of vegetation, 
with herbivory and seed dispersal believed to be the most important: 
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1. Herbivory on aboveground biomass: for black grama grass, overgrazing has a 
negative effect on growth which can further be exacerbated by drought  
2. Dispersal of seeds: for shrubs the dissemination of seeds by cattle has been 
suggested to be more important for shrub expansion than the negative effect 
upon grasses. 
3. Trampling: can contribute to further degradation of grasslands leaving bare 
areas vulnerable to wind erosion and loss of soil particles. 
4. Redistribution of nutrients, particularly nitrogen through urine and fecal 
deposition: in combination with shrub seeds in dung can create preferential 
environment for seedling establishment. 
Seed dispersal 
A hypothesis for the recent expansion of woody species is the role played by 
livestock in seed dispersal  (Whitford, 2002). Supporters of the seed dispersal 
mechanism argue that the presence of an inadequate number of seed dispersers 
during most of the Holocene accounts for the maintenance of woody free grasslands. 
However, when the limitation on seed dispersers was reduced by the post-settlement 
introduction of livestock, woody plants were able to spread into many grasslands 
(Van Auken, 2009). Domestic livestock, rodents and flowing water are all major 
agents of dispersal. Domestic cattle are believed to be particularly important, 
because they eat large quantities, travel long distances and deposit large numbers of 
intact seeds in their dung. Furthermore the seeds passage through cattle’s digestive 
system provides a warm, moist and nutrient rich environment, aiding germination 
(Grover and Musick, 1990). Seedlings of woody species are frequently seen 
emerging from cattle dung during summer rains in the Chihuahuan Desert (Whitford, 
2002) highlighting the role dung plays in creating a preferential growing environment. 
Brown and Archer (1999) in investigating the invasion of grasslands in Texas found 
that precipitation patterns and the impact of grazing upon grass cover had no 
significant impact upon encroachment. Instead, Brown and Archer (1999) argue the 
spread of shrubs into Holocene grasslands may have been limited by a lack of 
effective dispersal agents, a constraint overcome by the introduction of horses, 
cattle, and sheep. Small native mammals also impact upon certain woody species, 
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for example the diet of jackrabbits includes both creosote bush and mesquite. Small 
animal activity can lead to a high rate of seedling mortality, but can also aid in 
dispersal (Peters and Gibbens, 2006).  
Herbivory  
Grass herbivory at low intensity and frequency may cause little change in a 
grassland community, but at high intensity and frequency, the preferential utilisation 
of grasses (Archer et al., 1995) is associated with a reduction in grass cover and 
density (Van Auken, 2009). In turn, the depletion of grass cover is argued to lead to 
woody establishment (Grover and Musick, 1990, Van Auken, 2009).  In stable 
landscapes, dominated by grasslands, it has been argued small animals appear to 
have a minimal impact. However, in areas that have suffered a disturbance or are 
undergoing a transition to shrub dominance, the increase in open areas can favour 
an increase in small animals such as jackrabbits and rodents with actions such as 
burrowing helping to prevent grass recovery (Peters and Gibbens, 2006). In contrast 
to small wild animals, domestic livestock are believed to have a significant impact in 
grassland degradation and the increased spatial heterogeneity that favours shrub 
expansion can trigger the initiation of ecohydrological feedbacks reinforcing 
shrubland dominance (Schlesinger et al., 1990). In reviewing the causes of 
vegetation transitions in the US-SW, Van Auken, (2009) concludes that: high 
populations of domestic cattle seem to be the main factor in driving vegetation 
transitions, however, the complex mechanisms involved are still not well understood 
and the rates, dynamics, patterns and successional processes remain in need of 
investigation.  
2.4.5. Combined drivers as a cause of dryland vegetation change 
While evidence exists for climate, fire and animal activity all playing a role in driving 
vegetation transitions, it is now widely accepted that none of these factors on their 
own provides an entirely satisfactory explanation. It is therefore, argued that an 
interacting combination of factors is likely to be responsible (Peters et al., 2006, Van 
Auken, 2009). Disentangling the interacting drivers has proven difficult (Boulant et 
al., 2009) and the proposed combined drivers of climate, grazing and fire frequency 
are now discussed. 
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Interactions between climate and both the direct and indirect effects of grazing have 
probably influenced the rate and dynamics of woody plant encroachment (Archer et 
al., 1995). Whilst recent analysis has shown these two factors are insufficient to 
account for observed transitions in the Chihuahuan desert, yet it has been suggested 
that acting in combination they may be responsible (Peters and Gibbens, 2006, 
Whitford, 2002). Vegetation species respond differently to changing environmental 
conditions due to their differing physiological and phonological characteristics, which 
in turn affects the relative competitive ability of grass and shrub species (Van Auken, 
2009). Grass species such as black grama have a finely divided, well developed root 
system, mainly located in the uppermost 25 cm of soil, thus, black grama can be 
very responsive to summer moisture levels. In contrast, woody species such as 
creosotebush, with deep roots systems are drought resistant. Due to rapid growth of 
both deep taproots and long lateral roots (Whitford, 2002) shrubs are better placed 
than grass species to respond rapidly when the supply of moisture improves (Grover 
and Musick, 1990). Furthermore, in contrast to creosotebush and mesquite which 
reproduce mainly via seeds (Peters and Gibbens, 2006), the principal spread of 
black grama comes from the lateral extension of individual tufts as a result of new 
perennial stems from rooted buds on the stolons,  therefore, as black grama patches 
become increasingly fragmented, their potential for reproduction is reduced. 
Following a review of suggested hypotheses for observed woody species expansion 
into US-SW grasslands, Van Auken (2009) largely dismisses climate, arguing the 
key mechanism is the removal of above ground grass biomass by herbivory. Grass 
removal in turn leads to a reduction in fires, which would have removed or top killed 
woody species. Increased soil disturbance as a result of grass cover removal will 
cause increased runoff, erosion and increased heterogeneity of soil resources; will 
reduce the competitive ability of grass and favour species such as the leguminous 
mesquite and other woody species such as creosotebush with low nutrient 
requirements (Van Auken, 2009).   
Boulant et al (2009) carried out a study on the Grands Causses plateaus of southern 
France, where pines have been observed to be encroaching into grasslands; this 
study aimed to disentangle the effects of land use, vegetation and climate in driving 
this change. The pine species involved (Pinus sylvestris L. Pinus) actively encroach 
grasslands, facilitated by wind dispersal of seeds between January and April. To 
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evaluate the relative effects of the processes underlying pine spread, the authors, 
developed a spatially explicit landscape model, estimating pine spread for different 
variables including land use, shrub cover and climate (frequency of dry years). 
Boulant et al (2009) justify their model due to its ability to create rates of pine 
invasion matching field observations. Like other studies, grazing was found to be a 
principle factor in invasion rate having a positive effect on emergence rate due to the 
reduction in grass biomass. However, Boulant et al (2009) found the benefits of 
reduced grass biomass to be outweighed by the negative impact grazing had upon 
seedling survival. While the theory of Boulant et al (2009) is in contrast to research 
indicating the importance of grazing for shrub expansion in the US-SW (Van Auken, 
2009) and deals with a different environment, it illustrates the importance of taking 
into account seedling establishment, survival and growth, when investigating shrub 
encroachment. Boulant et al (2009) also only take a very simplified view of the 
effects of climate, only taking into account the impact of drought upon seedlings, with 
climate actually having a much more complex impact: ranging from the direct effects 
of temperature and precipitation; to other indirect effects such as the impact of both 
temperature and precipitation patterns on fire frequency; which in turn has been 
shown to have direct impacts on vegetation patterns (Gao and Reynolds, 2003, Van 
Auken, 2009, White et al., 2008). 
Peters and Gibbons, (2006) argue a suite of processes are important in the 
transformation from grass to woody vegetation, observed in the US-SW. Large 
numbers of cattle consuming grasses and dispersing seeds combined with periodic 
episodes of severe drought, along with a reduction in fire control on woody species 
led to the formation of current landscapes. Peters and Gibbons, (2006) also propose 
elevated concentrations of atmospheric CO2 may have conferred a growth 
advantage to C3 woody species, however, it is unlikely that this factor alone 
generated the shift from grass to shrubs. 
 
 
 
 
 
  2. Context of Research 
39 
 
2.4.6. Summary of the variables driving woody encroachment of grasslands 
It is now commonly accepted that in semi-arid grasslands of the US-SW, no single 
proposed driver (Table 2.1) can fully explain the vegetation change observed. 
Woody encroachment is driven by a set of interacting processes, with grazing and 
drought often being cited as the key variables, whilst both of these also have an 
effect on fire frequency, another often cited driver. 
Table 2.1 Summary of proposed drivers of woody encroachment in semi-arid environments.  
Proposed 
Driver 
Proposed Impact Limitation References 
Temperature 
Changes vegetation species 
range 
Doesn't explain encroachment patterns observed 
Van Auken, 2000; 
Seager et al, 2007 
Precipitation 
Drought believed to favour 
dryland shrubs 
Models have failed to explain widespread 
encroachment 
Gao and Reynolds et 
al, 2003; Neilson, 
1986 
CO2 Levels 
CO2 increases theoretically 
favour C3 species 
Doesn't explain spatially variable patterns of 
encroachment and also woody (C3) encroachment 
into C3 grasslands. 
Archer et al, 1995; 
Peters et al., 2006; 
Cole and Monger, 
1994 
Fire 
Limit establishment of 
woody vegetation 
Whilst a suppressor of woody encroachment, 
reduction in fire frequency not thought to be on its 
own enough, for encroachment observed. 
Grover and Musick, 
1990; Brown and 
Archer, 1999 
Animal 
Activity 
Grazing results in grass 
degradation and dispersal 
mechanism for woody 
seeds. 
Globally observed encroachment, not always in 
grazed areas. 
Fredrickson et al, 
2006; Peters and 
Gibbons, 2006 
 
The different sets of interacting factors proposed for driving the grass to woody 
transition, highlights both the difficulty in disentangling interacting drivers, but also 
the difficulty in applying a generic combination of external drivers to a large area 
exhibiting a range of biotic and abiotic characteristics. Soil factors appear to limit the 
expansion of creosote into its entire climatic range; soils capable for supporting 
creosote are generally calcareous throughout the profile and gravelly, while fine 
textured soils, lacking near-surface carbonate horizons tend to be devoid of creosote 
bush (Grover and Musick, 1990). Similarly, grass and woody species are not two 
homogeneous groups, with different encroaching woody species exhibiting different 
characteristics. Feedback mechanisms  also play a key role in vegetation transitions, 
explaining, for example, why protection from cattle using enclosures was often 
unsuccessful in limiting the further spread of woody vegetation across the landscape 
(Peters and Gibbens, 2006). 
Finally, it is important to acknowledge driving variables of vegetation change will not 
be temporally constant. Therefore, whilst the influence of atmospheric CO2 has been 
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largely discounted as a key driving variable for the already observed transitions 
(Archer et al., 1995, Van Auken, 2009), this may not be true in a future with 
significant predicted rises in CO2 levels. By improving understanding of the 
processes occurring this view may change, providing an insight into how projected 
future climate may further alter these landscapes (Grover and Musick, 1990).  
2.5. Understanding vegetation change 
2.5.1: An ecohydrological approach 
The encroachment of woody vegetation into areas previously dominated by 
grasslands not only results in a change to the type, pattern and distribution of 
vegetation (biotic structure and function) but also the underlying soil physical 
characteristics and resources (abiotic structure). Additionally, over the transition from 
grassland to woody vegetation there is also a change in geomorphic processes 
(abiotic function). In dryland ecosystems, the change in hydrological processes, 
concurrent with woody encroachment is of particular importance. Both structure and 
function of ecosystems result from multidirectional interactions between structural 
properties of an ecosystem and functioning of processes occurring within that 
ecosystem. Thus, it is recognised that an interdisciplinary approach is required, 
going beyond the limitations and combining the benefits of disciplines such as 
ecology or hydrology, which have traditionally been studied, discussed and 
published separately (Dickie and Parsons, 2012, Abrahams et al., 2003, Wainwright 
et al., 2002, Ludwig et al., 2005). The recognition of the need to glean both 
ecological and hydrological understanding has led to the subject area of 
ecohydrology, which has been described as:    
‘the science which seeks to describe the hydrological mechanisms that underlie 
ecologic pattern and processes’ (Rodriguez-Iturbe, 2000) 
It has been argued that ecohydrology provides the disciplinary approach, both for 
sustainable water management and for scientists to better understand the 
hydrological processes as a component of the biosphere (Nuttle, 2002). Whilst the 
definition of Rodriguez-lturbe, focuses primarily on hydrological impacts upon 
ecological patterns and processes (Turnbull, 2008), it is important to be aware of the 
multi-directional interactions and feedbacks involved in ecohydrological 
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investigations. Ecological patterns and processes (biotic structure and function) 
having a significant impact upon hydrological regimes, responses and fluvial fluxes in 
dryland environments (Newman et al., 2006). The following sections take an 
ecohydrological approach to examine semi-arid drylands dominated by different 
vegetation types, the changes resulting from and during vegetation transitions and 
review existing conceptual approaches to understanding internal patterns and 
processes involved in dryland degradation and vegetation transitions (the external 
drivers of these transitions having primarily addressed in section 2.4). Whilst global 
examples are sometimes used, the primary focus is on the US-SW. 
This study adopts an ecohydrological approach to investigating the changes that 
occur over grass to woody transitions, with the aim of furthering understanding of 
fluxes of water and associated sediment and carbon; thus, abiotic function is 
primarily discussed in terms of hydrological processes and unless explicitly stated 
erosion is referred to with regard to erosion by water. However, whilst beyond the 
focus and remit of this study it is important to be aware of the role played by aeolian 
processes and their interactions with vegetation in semi-arid environments (Okin et 
al. 2009, Ravi et al. 2010). In the Jornada Basin, New Mexico, aeolian processes are 
a key source of change as while hydrological processes have been shown to mainly 
redistribute resources within the ecosystem, wind erosion and transport can result in 
net ecosystem loss (Gillette and Monger 2006). The most important variable 
affecting wind erosion in semi-arid areas is the fetch length of unvegetated patches; 
grass cover forms one of the most effective protectors of soil from wind erosion, 
however in contrast woody landscapes and their associated large areas of bare soil 
can lead to a significant increase in wind erosion (Gillette and Monger 2006). 
2.5.2. Structure and function 
Structure 
Woody encroachment into grassland results in major changes to vegetation cover 
and pattern. One of the most widely reported characteristics of woody encroachment 
is the reduction in vegetation cover (Turnbull et al., 2010a). Comparisons of 
vegetation distributions in the Chihuahuan desert (US-SW) indicate that in 
grasslands approximately 40 % of the surface is bare. However in areas dominated 
by woody vegetation the percentage of bare  ground can be as high as 70 % 
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(Abrahams et al., 2006). Vegetation canopy cover has been shown to exhibit a 
strong correlation with runoff and erosion due to its protective influence (Quinton et 
al., 1997). However, it is not simply the percentage coverage of vegetation that is 
important, but also its spatial pattern (Bautista et al., 2007, Mayor et al., 2008). 
Grassland dominated landscapes typically have a relatively homogeneous  
distribution of vegetation cover, whilst in contrast, following woody encroachment, 
vegetation patterns in semi-arid landscapes are often associated with a high degree 
of spatial heterogeneity (Mueller et al., 2008). 
Following woody encroachment, soil structure and the spatial distribution of soil 
resources have also been shown to increase in heterogeneity (Dickie and Parsons, 
2012). Schlesinger et al (1990) proposed that transitions from semi-arid grassland to 
woodland or shrubland are best understood in the context of the spatial and temporal 
distribution of soil resources. The degradation or desertification of grasslands 
involves the transition from a relatively uniform distribution of water and other soil 
resources to an increased spatial heterogeneity, increasing vulnerability to woody 
encroachment (Schlesinger et al., 1990). An increased heterogeneity of soil 
properties, following woody encroachment is supported by Turnbull et al, (2010a) 
who argued it is likely that the increased fragmentation observed on grass-shrub 
sites as opposed to grass sites in the Sevilleta, New Mexico leads to a wider range 
of soil-plant feedbacks that results in a greater variation in soil moisture content, a 
primary control over net primary productivity in semi-arid environments (Huenneke et 
al., 2002).    
The increase in structural heterogeneity associated with woody encroachment has 
been summarised by the ‘Island of fertility ’or ‘Resource Island’ concept (Abrahams 
et al., 2003, Wainwright et al., 2000, Wilcox et al., 2003a, Schlesinger et al., 1990). 
The island of fertility concept, involves strong interactions between ecological and 
hydrological processes in a landscape, which involves the erosion and loss of 
resources from intershrub areas and the trapping and storage of resources under 
shrubs in resource islands (Ridolfi et al., 2008b), thus creating a self-reinforcing 
heterogeneous structure.  Rainwater falling on woody islands reaches the ground 
either via stemflow or throughflow then either infiltrates into the soil or runs off as 
overland flow  (Abrahams et al., 2003). Experiments using techniques such as dye-
tracing, have found that in addition to concentrating rainwater in soil adjacent to 
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shrub base, nutrient rich water often penetrates along root channels, providing a 
deep storage of water (Martinez-Meza and Whitford, 1996).  
As a result of preferential water access and retention, woody islands form stable 
landscape features protected against disturbances such as drought (Martinez-Meza 
and Whitford, 1996). In investigating the behaviour of rainwater under creosotebush, 
in the Jornada Basin, Abrahams et al, (2003) found the extent of vegetation canopies 
to be a primary factor controlling whether rainfall, infiltrated the soil or was lost via 
runoff. Biological activity in the form of macroinvertebrates can increase 
macroporosity and soil aggregation under vegetation patches, this improves the 
infiltration capacity of the soil, thereby increasing the patches ability to obstruct and 
trap runoff water (Ludwig et al., 2005). In areas of semi-arid piñon-juniper woodland, 
vegetation patches were observed to trap significant amounts of both water and 
sediment during rainfall events (Wilcox et al., 2003a, Reid et al., 1999). The trapped 
runoff (runon) is linked to enhanced ecological activity in the form of enhanced plant 
growth (Ludwig et al., 2005). Another example comes from Tiger bush dominated 
landscapes in Southwest Niger, where measured above ground herbage production 
was an average of 43.0 g m² for runon areas compared to 2.5 g m² on runoff slopes 
(Hodgkinson and Freudenberger, 1997).  Thus, once established a woody species 
dominated landscape results in a series of ecohydrological interactions which act to 
enhance the spatial heterogeneity with soil resources being concentrated under 
woody vegetation, whilst being removed from bare interplant areas (Neave and 
Rayburg, 2006, Schlesinger et al., 1990).  
Function  
It has been hypothesised that vegetation structure exerts a first order control on 
hydrological function, including runoff and erosion dynamics (Michaelides et al, 
2009). Vegetation cover influences runoff by acting as a physical barrier to flow, 
reducing flow velocity and promoting infiltration (Parsons et al., 1996), whilst soil 
under vegetation is also thought to have a higher infiltration capacity (Abrahams et 
al., 2003, Chartier et al., 2011). By providing physical protection to soil, both by 
above ground cover (Kinnell, 2005) and by below ground root cohesion (Gyssels et 
al., 2005), vegetation cover is also believed to reduce vulnerability to soil erosion, 
thus influencing fluxes of sediment. Therefore, it has been argued that vegetation 
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acts as a hydrological sink, limiting runoff generation and trapping water and 
sediment from run-on, whilst bare areas act as a source and pathway of runoff (Reid 
et al., 1999). The spatial distribution of vegetation interacts with abiotic controls on 
hydrological function, critically topography (Beven, 1997) to determine the source 
and sink structure and hydrological connectivity of a landscape (Cammeraat, 2004). 
In semi-arid areas of the US-SW, vegetation structure interacts with high intensity 
summer monsoon rainfall events, to determine hydrological function. The increased 
structural heterogeneity associated with the transition from grassland to woody 
vegetation has been shown to both alter hydrological function and reinforce 
structural heterogeneity (Turnbull et al., 2010b). Previous studies have shown that 
woody encroachment often results in accentuated hydrological function and greater 
fluvial fluxes (Parsons et al., 1996, Wainwright et al., 2000). Bare interplant  areas 
have been shown to experience higher runoff rates (Wilcox et al., 2003a) leading to 
the development of rills, which in turn are responsible for significant increases in 
overall erosion rates (Wainwright et al., 2000) and the concentration of resources in 
more efficient flow paths. Wainwright et al (2000) compared plot based studies to 
investigate changes in vegetation, overland flow and erosion interactions across 
vegetation transitions in Arizona and New Mexico. Results of these experiments, 
illustrate how vegetation patterns and the resulting topography have a major impact 
upon hydrological processes with interactions between the rainfall, vegetation 
canopy, surface litter and surface crust controlling landscape topography and 
response to rainfall events. The increased bare ground in shrub landscapes in most 
cases resulted in; increased runoff, faster flows, leading to the development of rills 
and accelerated erosion. Accentuated runoff and erosion in turn reinforces the 
development of the microtopography with the concentration of runoff in intershrub 
areas resulting in sediment being eroded from inter-shrub areas and deposited in 
mounds under shrubs (Michaelides et al., 2009, Parsons et al., 1996). Previous 
research has related these self-reinforcing vegetation changes to on-going 
feedbacks on water and sediment transfers and the resulting change in nutrient 
dynamics (Schlesinger et al., 1990). The change in landscape microtopography 
associated with grass to woody transitions is believed to be a key factor influencing 
fluvial fluxes (Wainwright et al., 2000).  
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As with vegetation structure, the scale at which hydrological function is investigated, 
affects the scale at which understanding is gained and at which conclusions can be 
applied. At the individual plant scale Michaelides et al, (2009) investigated the 
interactions between runoff with soil surface and vegetation characteristics, 
particularly the changes in canopy and root structure over a grass to woody 
transition; the results of this study carried out using small scale rainfall simulations in 
Jornada, New Mexico, showed that the invasion of shrubs results in a change in 
microtopography, from a relatively flat to a more accentuated shrub-intershrub 
surface, with steepening under shrubs. The study by Michaelides et al (2009) also 
highlights the importance of examining the particle size characteristics of sediment. 
Eroded sediment typically showed a higher proportion of fine fractions compared to 
surface soil; believed to be as a result of selective transport by runoff, rather than 
selective detachment, this has important implications for nutrient transport  as higher 
concentrations of nutrients are typically associated with finer particle size 
(Michaelides et al., 2009). Michaelides et al, (2009) concluded that erosion rates 
may increase under shrub mounds as a result of a combination of steep topography 
and loosely accumulated sediment; perhaps surprisingly Michaelides et al, (2009) 
also concluded that runoff does not appear to change significantly with vegetation 
type. The conclusion presented by Michaelides et al, (2009) may appear contrary to 
the commonly held island of fertility concept in which resources are eroded from 
interplant areas and re-deposited under isolated woody plants (Schlesinger and 
Pilmanis, 1998, Schlesinger et al., 1990). It must, however, be highlighted that the 
runoff and erosion processes occurring do not scale in a linear way (Michaelides et 
al., 2009, Parsons et al., 2004, Brazier et al., 2007) therefore results implying that 
shrub-mounds produce higher sediment yields cannot be extrapolated to a 
landscape scale.  
At the landscape scale, studies have shown the ratio between rainfall and runoff 
(runoff coefficient) and sediment yields to typically decrease, compared to results 
from small scale studies (Parsons et al., 2006), this is believed to be as result of 
transmission losses associated with topographic sinks within the landscape. 
Previous research has demonstrated that the increased structural heterogeneity, 
associated with woody encroachment, not only results in a greater proportion of bare 
ground, but also more highly connected areas of bare ground (Bautista et al., 2007, 
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Western et al., 2001). Greater connectivity between bare areas, whilst also 
topographically dependent, is thought to lead to a greater flow velocity and therefore 
overland flow with a greater potential for the entrainment and transportation of 
sediment. In turn, vegetation change in semi-arid catchments will have a major 
impact upon dryland river systems (Tooth, 2000). Greater hydrological connectivity, 
resulting in greater flow length, will be expected to increases the chance that erosion 
will result in the loss of resources from the landscape (i.e. via nearby river networks) 
as opposed to the local redistribution of resources. 
At the landscape scale, it is likely the spatial distribution of vegetation cover is more 
important than the characteristics of individual vegetation mounds, in controlling 
fluvial fluxes. Therefore, research investigating the relationship between vegetation 
structure and hydrological function, would ideally be carried out at a scale capable of 
incorporating the patch-interpatch structure that has been shown to characterise 
woody dominated landscapes. It has also been argued that hydrological connectivity, 
in addition to proving a useful conceptual framework to understanding vegetation 
change (section 2.7) may also provide a tool facilitating quantitative investigation into 
runoff dominated systems (Bracken and Croke, 2007). Previous research has sought 
to determine whether connectivity metrics such as flow length can be shown to be 
related to fluxes of water and sediment (Mayor et al., 2008, Van Nieuwenhuyse et 
al., 2011) and this is a technique that it is believed deserves further investigation and 
application across semi-arid vegetation transitions of the US-SW.  
Previous research has demonstrated changes in nutrient stores correspond with the 
redistribution and loss of sediment over grass to woody vegetation transitions. Field 
based studies looking at nitrogen and phosphorus  (Brazier et al., 2007, Turnbull et 
al., 2010a) show that the spatial distribution of these nutrients within the landscape 
supports the island of fertility concept (Schlesinger et al., 1990), demonstrating a 
greater level of heterogeneity following woody encroachment, being found in higher 
concentrations in vegetation patches and lower concentrations in bare inter-patch 
areas. Previous research has also illustrated that fluvially fluxes of nitrogen and 
phosphorous also typically increase following woody encroachment (Turnbull et al., 
2011, Brazier et al., 2007, Parsons et al., 2003). The increased fluxes of nitrogen 
and phosphorous have been shown to correlate to the accentuated runoff response 
and increased vulnerability to erosion following woody encroachment, resulting in 
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nutrients being lost both in solution and particle bound form (Turnbull et al., 2011, 
Wainwright et al., 2000, Schlesinger et al., 1996). More recently, research has 
suggested that carbon shows similar trends to that of sediment and other nutrients, 
both in terms of its spatial distribution within soil and in showing increased fluxes and 
losses from semi-arid landscapes, correlating with increased soil erosion following 
woody encroachment (Brazier et al., 2013, Barger et al., 2006). However, carbon 
dynamics in semi-arid environments experiencing vegetation change and the role 
played by hydrological processes, particularly soil erosion, is still an area in which 
there is considerable uncertainty and a need for further research. The following 
section (2.6) examines vegetation change and carbon dynamics in more detail. 
2.6. Vegetation change and carbon dynamics 
2.6.1. Introduction 
The importance of carbon, both to local ecosystem function and the global climate 
(Jobbagy and Jackson, 2000), makes it crucial to understand the complex interacting 
processes that control inputs and outputs of terrestrial carbon in addition to its spatial 
and temporal distribution. The terrestrial carbon pool, consisting of soil and 
vegetation, is the third largest pool of global carbon (after the oceanic and geologic 
pools) amounting to around 2860 Pg (2860 billion metric ton) and is about 4 times 
the size of the atmospheric pool (Lal, 2003b). Whilst carbon stores in drylands, both 
in terms of vegetation biomass and soil are low when compared to many other 
terrestrial ecosystems, their surface coverage at an estimated 40% of the global land 
surface (Asner et al., 2003a, Okin et al., 2009) make them highly significant. For 
example in North America, carbon stores in drylands make up an estimated 121 Gt 
out of a regional total of 388 (Campbell et al. 2008) with drylands globally, 
accounting for 27% of the global soil organic carbon (SOC) reserve (Trumper et al, 
2008, MA, 2005).  
As discussed (section 2.3) many dryland areas have experienced, or are 
experiencing forms of land degradation and environmental change (Jackson et al., 
2002, Krull et al., 2005, Van Auken, 2000). In areas including the US-SW, 
degradation over the past 150 years has been characterised by the invasion of 
woody vegetation into landscapes previously dominated by grasslands (Asner et al., 
2003a, Van Auken, 2000). Grass to woody transitions have been linked to a change 
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in ecogeomorphological patterns and processes which will impact upon, not only the 
storage component of the carbon budget but also the rate of carbon cycling and the 
magnitude of carbon fluxes, with potential implications both locally and globally 
(Brazier et al., 2013, Schlesinger et al., 1990). The impact upon cycling and storage 
of carbon, in addition to the proposed potential for carbon sequestration in these 
environments as a climate change mitigation strategy (Bird et al., 2002, Keller and 
Goldstein, 1998, Lal, 2003a) makes drylands a key area for developing an 
understanding of carbon dynamics.  
The following sections give an overview of carbon budgets in dryland environments, 
the changes between grass and woody dominated landscapes, before focusing on 
ecohydrological interactions and the associated fluvial fluxes of carbon. 
2.6.2. Controls on terrestrial carbon dynamics 
The inputs, outputs and storage of carbon (Figure 2.1) within the terrestrial pool 
determine whether an ecosystem acts as a carbon source or sink. Carbon enters the 
terrestrial ecosystem through a single process, photosynthesis (Trumbore, 2006); it 
can be stored in above/below ground plant biomass and as both organic and 
inorganic forms in soil. Carbon can leave the terrestrial ecosystem via a number of 
processes including fire, soil erosion, leaching and respiration. The loss of carbon 
from the ecosystem via respiration in itself covers a variety of processes, respiration 
from living plant, leaves, stems and stalks (autotrophic respiration) and carbon 
released during the decomposition of organic matter as a result of microbial activity 
(heterotrophic respiration), (Trumbore, 2006). The balance between inputs, storage 
and outputs, along with the processes and pathways involved, are in turn influenced 
by a large number of interacting physical and biological factors. 
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Figure 2.1 Representation of the terrestrial carbon budget, illustrating pathways of carbon flow 
through ecosystems (after Trumbore, 2006).  
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The assimilation of carbon into the environment, as a result of photosynthesis is 
limited by natural stresses,  meaning the maximum rate of photosynthesis is rarely if 
ever achieved  (Schulze, 2005). As illustrated in Equation 2.1 the transference of 
atmospheric carbon dioxide into organic carbon requires the presence of chlorophyll, 
found in the green leaves of plants, water and light. If light availability is not limiting, 
then dry air or dry soil can result in a water limitation on the rate of photosynthesis. If 
soils are wet, light is most likely limiting due to cloud cover. As a result of limiting 
factors many systems operate at about 50 % of their maximum performance 
(Schulze, 2005).   
Due to the nature of precipitation regimes, photosynthesis rates in dryland 
environments are more often limited by the availability of water rather than light, this 
is illustrated by a study into 19 desert shrubs (Comstock et al., 1988 ) in which 
results showed none of the species studied were capable of achieving high rates of 
photosynthesis during the dry season.  In another study, Haase et al (2000) found 
the rates of photosynthesis of shrubs in semi-arid areas of south-eastern Spain 
generally to be limited by low plant water status. In contrast to shrubs subject to 
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natural dry season conditions, artificially watered species were able to maintain the 
maximum rate of photosynthesis (Haase et al., 2000). The resultant drop in carbon 
assimilation because of lower rates of photosynthesis during the dry periods can 
result in highly variable inter-annual fluxes of carbon. 
Vegetation in dryland environments often exhibits a number of adaptations to 
environmental conditions which results in changes in carbon fluxes. Adaptations 
include drought resistant deciduous plants such as the Anthyllis cytisoides L, studied 
by Haase et al (2000), which shed their leaves during dry periods, resulting in 
reduced water loss, but also reduced carbon assimilation. However,  the growth of 
new leaves is a water, energy and time consuming process, putting drought 
deciduous plants at a disadvantage during the period immediately following rainfall 
when resources are most abundant (Whitford, 2002). As a result of this, alternative 
adaptations such as leaf morphology, designed to reduce water loss are more 
common (Whitford, 2002). Dryland plant species exhibit a variety of photosynthetic 
pathways which it has been argued is an adaption to climatic variables (Ehleringer 
and Monson, 1993). The most common pathway is C3 photosynthesis,  which follows 
the Calvin cycle and involves the addition of CO2 to ribulose biphosphate, to form 
two molecules of a three carbon compound, phosphoglyeraldehyde (Whitford, 2002). 
C4 photosynthesis, hypothesised to be an evolutionary adaption to low atmospheric 
CO2 levels (Osborne and Beerling, 2006, Sage, 2004) involves the combining of CO2 
with phosphoenolypyruvate, to form four carbon molecules, oxaloacetic acid or 
malate. Significantly for drylands, C4 photosynthesis collects CO2 in bundle sheath 
cells, allowing the plant to bind CO2 at lower concentrations, reducing water loss in 
hot environments (Whitford, 2002). Finally, the crassulacean acid metabolism (CAM) 
pathway, exhibited primarily by cacti species in dryland environments is a 
modification of the C4 pathway involving the temporal segregation of CO2 
assimilation and the Calvin Cycle; this allows CAM plants only to open their stomata 
at night, reducing water loss per unit of carbon gained (Whitford, 2002). Each 
photosynthetic pathway results in different environmental preferences and changing 
rates of carbon uptake (Whitford, 2002). 
Within terrestrial ecosystems carbon is stored in above and below ground biomass, 
the distribution of which is dependent on vegetation type and pattern. Carbon is also 
stored within the soil in both inorganic and organic forms (Lal, 2003b). The soil 
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properties, such as the chemical composition of soil organic matter (SOM) and the 
matrix in which it is held, determine the different capacities of soil  to act as a carbon 
store (Trumper et al., 2008).  In drylands, although plant biomass per unit is typically 
lower than many terrestrial ecosystems, (about 6 kg m² as opposed to a typical level 
of 10-18 kg m²) their large surface area makes drylands highly significant to the 
global carbon cycle (Trumper et al., 2008). In addition to existing stores because 
many dryland soils have been degraded they are currently far from saturated with 
carbon and as a result their potential to sequester carbon may be high (Farage et al., 
2003). 
As with photosynthesis, the return of carbon to the atmosphere via respiration is 
highly dependent on vegetation and soil in addition to climatic conditions. 
Temperature has a direct impact on the rate of respiration through the control of 
multiple cellular and organism biochemical processes such as, temperature 
dependent gradients across membranes and the capacity of respiratory enzymes 
(Davidson et al., 2006). Water availability also has a direct effect on respiration via 
its control on plant and soil water content. Although the water content of soil and 
plant tissue has numerous physiological and physical effects, the principal primary 
effect is desiccation stress. Loss of tissue turgor, stomatal closure, and leaf shedding 
in plants (Aber and Melillo, 1991), and dormancy or spore formation in soil 
microorganisms (Harris, 1981) result in substantial reductions in the rate of 
respiration per unit biomass or reductions in total respiratory biomass (Davidson et 
al., 2006).  Another important control on the spatial and temporal variability observed 
in terrestrial respiration is the availability of sugars, starches, and other carbohydrate 
substrates, essential for respiration (Davidson et al., 2006, Saetre and Stark, 2005, 
Wan and Luo, 2003). Variations of temperature and soil water content also indirectly 
affect respiration as a result of their influence upon substrate availability (Davidson et 
al., 2006). 
Controls on the balance between photosynthesis, storage and respiration, vary with 
timescale. Over short seasonal to inter-annual timescales, the phenology of plants, 
supply of decomposable material, and weather conditions like drought, create 
temporary carbon storage or loss (Trumbore, 2006, Davidson et al., 2006). However, 
on decadal or longer timescales changes in vegetation composition, age or structure, 
or associated changes in soil physical or chemical conditions may be important, in 
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addition to factors such as the frequency of forest fires and land use history, which 
are often overlooked in studies involving flux measurements (Trumbore, 2006, 
Czimczik et al., 2004). 
Rapid loss of carbon from the terrestrial ecosystem can occur due to fire (Breshears 
et al., 1999, Tilman et al., 2000). The occurrence of fires is linked to climate and 
interacts with other factors such as topography, soil, herbivores, and amount of 
herbaceous fuel to determine the nature, density, and location of woody plants in a 
landscape (Van Auken, 2000). Whilst above-ground woody biomass can represent a 
significant sink for atmospheric carbon (Houghton et al., 1999) it is also one that is 
extremely vulnerable to fire therefore potentially a source of atmospheric carbon. 
Fire suppression in areas of the United States has increased the storage of carbon in 
woody biomass. However, while fire suppression results in a reduced frequency of 
fires and increased carbon storage, the increased forest density also dramatically 
increases the risk of high magnitude, catastrophic forest fire and the return of large 
quantities of carbon to the atmosphere (Breshears et al., 1999, Harden et al., 2000). 
Fire is especially significant as a source of carbon in water limited drylands, where 
decomposition can be limited by drought (Trumbore, 2006). 
Carbon can be lost or redistributed as a result of leaching (Keller and Goldstein, 
1998) and erosion (Lal, 2003b). As with other carbon fluxes these processes are 
controlled by a large number of interacting processes. Leaching and erosion of 
carbon within a soil profile and across a landscape is influenced by factors such as 
vegetation, soil physical characteristics, water infiltration and drainage (Lowery and 
Arriaga, 2004). Being concentrated in surface soil and of low density, SOC is 
preferentially removed by surface runoff and wind (Lal, 2005). It has been argued 
that unless carbon is buried following erosion, it is vulnerable to leaching and 
mineralisation at the detachment, transportation and deposition stages of erosion 
(Lal, 2005). Whilst acknowledging losses of terrestrial carbon as important on a 
century or millennial timescales Trumbore (2006) dismisses losses of terrestrial 
carbon through leaching of dissolved carbon, or by erosion, as too small to be major 
contributors to inter-annual carbon balance. However, despite this, the rapid grass to 
woody transition that has been observed in many dryland areas such as the US-SW 
is believed to lead to a significant change in ecosystem structure and function, 
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affecting both soil and vegetation carbon budgets and fluxes which could have 
significant impacts for local, regional and global carbon fluxes (Brazier et al., 2013).  
2.6.3. Grass to woody vegetation transitions: changes in vegetation carbon 
An invasion of woody species into areas previously dominated by grasses, alters 
primary production, plant allocation and rooting depth, thus leading to change in the 
amount of carbon stored as plant biomass (Jackson et al., 2002). An increase in 
woody biomass and thickening associated with shrub or woodland expansion in 
drylands, is commonly assumed to lead to an increase in carbon sequestration and 
storage as biomass (Fang et al., 2001, Krull et al., 2005). A study by Jackson et al 
(2002) in the SW USA, investigating the direct effect of vegetation change upon 
carbon storage at six paired grassland and invaded woody sites, showed that at all 
monitored sites plant biomass carbon increased with woody plant invasion (0.3–44 
Mg C ha-1).  In another study Asner et al, (2003) investigated net changes in woody 
vegetation and carbon storage in Texas drylands between 1937 and 1999. Results 
found that over 63 years a 30% increase in non-riparian woody vegetation, coincided 
with a net 32% increase in aboveground carbon (Asner et al., 2003a). However, 
while the authors were able to investigate large regional patterns via remote sensing 
imagery, this restricts analysis to above ground biomass. It is also essential to 
consider other changes that occur with vegetation change including below ground 
biomass (Jackson et al, 2002) found 95% rooting depths were more than 2 m deeper 
on average for the woody vegetation). Introducing relatively deeply rooted vegetation 
into shallow-rooted systems, as is the case with the encroachment of shrubs into 
grassland, might result in the storage of carbon deep in the soil, acting as a potential 
carbon sink for centuries (Jobbagy and Jackson, 2000).  
When considering changes to carbon dynamics, following woody encroachment, it is 
also important to be aware that the resultant increase in bare non-vegetated 
surfaces areas are not only affected by abiotic processes. Precipitation pulses can 
trigger microphytic activity within minutes, which may be extremely important to 
ecosystem carbon dynamics as a result of their photosynthetic activity (Kanieli et al., 
2002). Precipitation pulses can displace carbon held in soil pores or pools of 
inorganic carbon (Huxman et al., 2004) whilst at the same time soil re-wetting can 
rapidly increase decomposition, and microbial activity (Austin et al., 2004) Therefore, 
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an increase in the displacement of carbon and an increase in biological activity, 
resulting in high respiration rates can lead to a substantial release of CO2 into the 
atmosphere (Huxman et al., 2004b). In investigating the impacts of microbial activity 
triggered by precipitation upon carbon dynamics Huxman et al (2004a) found that 
precipitation pulse size plays an important role in regulating the carbon balance of 
arid ecosystems through its differential effects on ecosystem respiration and 
photosynthesis. Huxman et al (2004a) also argue that the resulting CO2 effluxes may 
outweigh the subsequent photosynthetic CO2 accumulation, so that a precipitation 
pulse, or indeed an entire rainy season, can result in a net loss of carbon from an 
ecosystem. 
2.6.4. Grass to woody vegetation transitions: changes in soil carbon 
The type and distribution of vegetation cover exerts a significant control over dryland 
soil properties, consequently a grass-to-woody transition not only results in a change 
in carbon stored as plant biomass, but also upon soil carbon storage and dynamics. 
Studies have shown that significant differences in soil carbon across a landscape to 
be highly correlated to patterns of plant cover and vegetation dynamics (Bird et al., 
2002, Schlesinger et al., 1990). Bird et al (2002) investigated differing soil carbon 
levels under different vegetation covers in semi-arid rangelands of New Mexico. 
Results of this study found that both carbonates and soil organic carbon were 
significantly higher under shrubs with an average result of 8.1 metric tonne of carbon 
per hectare, than gamma grass which showed an average of 4.6 (Bird et al., 2002). It 
is argued differences in soil carbon can be explained by correspondingly higher 
levels of aggregate stability under woody species (Bird et al 2002). Increased 
aggregate stability is believed to protect SOC (Tisdall, 1996, Bird et al., 2002, Wright 
et al., 1999). The increase in carbon under shrubs is supported by the findings of 
Asner et al (2003a), who investigated the distribution of SOC in drylands of central 
Argentina. In the study by Asner et al (2003a), area-weighting the soil organic carbon 
mass data by the cover data for percentage vegetation, yielded a clear trend in 
ecosystem-level soil organic carbon which increased with the density of shrubland. A 
change in the heterogeneity of SOC, following woody encroachment has a major 
impact on carbon stores and dynamics (Barger et al. 2011). As such, adequately 
characterising the large and spatially heterogeneous belowground carbon reservoir 
 
  2. Context of Research 
55 
 
has been identified as one of the greatest challenges in understanding the 
implications of woody encroachment (Barger et al., 2011). 
Supporting other studies (Jackson et al., 2002) recent measurements of SOC levels 
across a grass to creosote transition in New Mexico found SOC levels to be overall 
higher in woody dominated areas (Brazier et al., 2013). It was also demonstrated 
that SOC levels showed increased structural heterogeneity over the transition from 
grass to creosote with mean concentrations of 3.35 ± 0.21 mg cm-3 under grama 
grass, 5.81 ± 0.41 3.35 ± 0.21 mg cm-3 under creosote with 2.34 ± 0.20 and 2.29 ± 
0.19 mg cm-3 under bare areas (Brazier et al., 2013).  
Research has found carbon storage in areas dominated by woody vegetation to be 
higher than grass, both in terms of plant biomass (Fang et al., 2001, Krull et al., 
2005) and SOC (Bird et al., 2002). However, the increased heterogeneity in the 
spatial distribution of vegetation associated with woody vegetation in drylands 
(Hibbard et al., 2001, Schlesinger et al., 1990) also results in a reduced percentage 
cover of vegetation leaving bare areas of soil, vulnerable erosion (Turnbull et al., 
2010a). The implications of the increased spatial heterogeneity of SOC, can be seen 
from the results of the study by Bird et al (2002) where aggregate stability, 
carbonates and SOC were all lowest under inter-shrub sites; meaning while shrubs 
may result in a higher level of SOC storage in soil, the overall reduction in cover may 
mean overall ecosystem carbon levels are not higher; supporting this Asner et al 
(2003a) found SOC mass to be higher in soils under canopies than in the canopy 
interspaces, regardless of vegetation type. Another example of changing SOC 
distribution associated with vegetation change is in the Jornada Basin of New 
Mexico, where the relatively recent expansion of Mesquite shrub, should enhance 
long-term soil carbon sequestration by creating a carbon sink in root litter (Connin et 
al., 1997, McPherson et al., 1993). However,  when viewed on a landscape scale 
there was a increased loss of  carbon, attributed to soil erosion in inter-shrub areas, 
therefore for this example, due to few net changes it has been argued despite 
dramatic changes in plant distribution and structure, total ecosystem carbon has not 
changed, only its distribution between biomass and soils (Connin et al., 1997). 
Soil erosion by water is believed to be the most common form of soil degradation 
and its impact upon carbon dynamics remains a major unquantified component of 
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the global carbon budget (Lal, 2003b). Three key mechanisms by which soil erosion 
alters soil-atmosphere carbon fluxes have been identified (Van Oost et al., 2007), 
including: (1) the replacement of eroded SOC by plant input (2) Deep burial, limiting 
decomposition and (3) enhanced decomposition due to the processes involved in 
detaching and transporting SOC. However, there is a lack of understanding and 
consensus on the importance of, or balance between, these mechanisms and 
therefore, the resulting impact of erosion upon carbon budgets. The current lack of 
understanding is emphasised by the debate between rival academic fields (review 
see Lal, 2005). Soil erosion can act as a carbon sink due to the impoundment and 
redeposition of eroded sediment, which could mean soil erosion results in a net 
carbon sequestration of around 1 Gt per year (Smith et al., 2001). Additionally, the 
extent to which the erosion and subsequent deposition of carbon, constitutes a sink, 
relies on dynamic replacement of eroded soil, by new plant sourced carbon (Quinton 
et al., 2010, Quine and Van Oost, 2007). In contrast, others argue that soil erosion is 
a carbon source as erosion breaks down soil aggregates leading to previously 
protected soil becoming vulnerable to; mineralisation, microbial and enzymatic 
processes (Lal, 2005). It has been suggested that an important distinction to make is 
between eroded soil that only travels short distances and from which C02 losses are 
low and that transported into river systems where it may experience greater 
mineralisation (Quinton et al., 2010). Thus, suggesting the connectivity of eroding 
landscapes and adjacent fluvial systems is of key importance. 
Possible losses or gains of soil carbon from inter-shrub areas as a result of erosion 
highlight the need to consider multiple spatial scales when attempting to understand 
dryland carbon dynamics. It is also necessary to consider a range of temporal scales 
as the processes controlling carbon flux may vary significantly. A study into the 
impacts of soil erosion on the carbon budget in the US-SW (Mielnick et al., 2005) 
suggests that on average the Jornada basin was a net source of carbon, however 
this is temporally variable as during large magnitude rain events, the system may 
shift to net carbon uptake due to an increased photosynthetic assimilation by plants 
and/or biological crusts (Cable and Huxman, 2004, Gutschick and Snyder, 2006). 
Another example comes from Murcia, SE Spain, where research by Martinez-Mena 
(2002) found a reduction in vegetation cover resulted in significant losses of SOC. It 
was also found that whilst for the nine years of the study overall mineralisation was 
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the main process by which carbon was lost, the dominance of processes varied over 
time. In the first 6 years rapid mineralization was the main measured cause of the 
SOC decreases; while in the next 3 years the SOC losses were mainly due to 
erosion, (Martinez-Mena et al., 2002). In their experiment, Martinez-Mena et al, 
found that the increasing significance of erosion over time was partially attributed to 
higher rainfall in the last 3 years, but also an increase in erodibility over time, with 
other experiments showing a similar increase in losses by erosion over time 
(Gregorich et al., 1998, Castillo et al., 1997). 
A review of changing carbon dynamics with woody encroachment, illustrates that the 
role played by soil erosion is a major area of uncertainty in need of further research. 
As stated in the introduction to this chapter,  conceptual frameworks for addressing 
grass to woody vegetation woody will be summarised and examined to see if they 
offer useful approaches to inform the questions posed in this study. 
2.7. Conceptual frameworks for understanding vegetation change  
Whether to deal with specific research objectives or for categorical ease, ecosystem 
structure and function are often addressed separately. However, previous research 
has illustrated that the structure and function of semi-arid environments exhibit 
complex multi directional interactions between biotic and abiotic components of the 
ecosystem, which change across the transition from grass to woody dominated 
landscapes. Ecohydrological changes over grass to woody transitions are perhaps 
most clearly summarised via increased heterogeneity. Grass dominated landscapes 
are typically thought to exhibit a high degree of evenly distributed vegetation cover 
and soil resources and associated with limited vulnerability to erosion and with 
transportation limited to local redistribution. In contrast, following woody 
encroachment ecosystems are characterised by a patch-interpatch distribution of 
woody vegetation, associated with which is an increased spatial heterogeneity of 
hydrological processes, with runoff generation and overland flow concentrated in 
bare interpatch areas exhibiting a greater hydrological connectivity, whilst vegetation 
patches act as sinks for water and eroded sediment (Figure 2.2) Whilst the 
aforementioned contrast between grass and woody landscapes is an 
oversimplification, conceptual approaches, simplifying complex environmental 
systems, offer a useful framework for increasing understanding and designing 
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experimental frameworks. Section 2.8 will review existing conceptual frameworks 
that have been designed or used for understanding semi-arid vegetation change and 
the associated structural and functional interactions. 
 
Figure 2.2 Interactions between vegetation structure and fluvial function between grass (lower) and 
shrub (upper) dominated landscapes (after Wainwright et al., 2000). 
 
Trigger-transfer-reserve-pulse framework 
During rainstorms in semi-arid areas trapping runoff and nutrients in vegetation 
patches can lead to an enhanced pulse of growth. Pulses facilitate feedback 
mechanisms, maintaining or even enhancing the capacity of the patch to obstruct 
overland flows. Frameworks are often used to conceptualise the complex series of 
interacting ecohydrological processes involved in landscape patterns and processes 
(Wilcox and Breshears, 1995). For the processes involved in shrubland runoff and 
vegetation patch enhanced growth interactions the, trigger-transfer-reserve-pulse 
(TTRP) (Figure 2.3) framework has been used (Ludwig et al., 2005, Ludwig and 
Tongway, 1995, Popp et al., 2009). Whilst making several key simplifying 
assumptions including a concentration on horizontal surface water runoff at the 
expense of sediment transport, vertical movement of water and the impact of wind 
erosion, (Ludwig et al., 2005) found the TTRP useful for depicting coupled 
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ecohydrological processes, in addition to its inclusion of disturbances i.e. grazing 
and fire.  
 
Figure 2.3 The trigger–transfer–reserve–pulse framework, reflecting the importance of rain storms in 
dryland environments (after Ludwig et al. 2005).  
Hierarchy theory  
Hierarchy theory represents a theory of scaled systems,  
Hierarchy theory has been widely used in ecology (Bissonette and King, 1997, 
LaBar, 1974, Allen, 2006) and to a lesser extent geomorphology (Stallins, 2006, van 
Coller et al., 2000). Turnbull et al, (2008b) concludes that whilst hierarchy theory 
provides a methodical way of conceptualizing the differences in patterns and 
processes at each level of the spatial and temporal hierarchy, it does not explicitly 
provide a means of transcending scales since it does not account for the spatial and 
temporal connectivity between scales, important in semi-arid ecosystems. A recent 
example of attempting to apply hierarchy theory to semi-arid environments is the 
work of Peters and Havstad (2006) who suggest a framework including a spatial and 
temporal hierarchy, building on previous conceptual models (Breshears and Barnes, 
1999, Ludwig et al., 2005, Ludwig et al., 1997, Schlesinger et al., 1990) and 
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addressing their disadvantages, principally cross scale interactions and nonlinear 
dynamics that result from five key interacting elements that connect scales of the 
hierarchy and generate threshold behaviours: 
1. Historical legacies that include climate, disturbance, and management 
regimes 
2. Dynamic template of patterns in ecological variables and spatial context 
3. Vertical and horizontal transport processes (fluvial, aeolian, animal) 
4. Rate, direction, and amount of resource redistribution between high and low 
resource areas 
5. Feedbacks among plants, animals, and soils 
The hierarchy framework is aimed to enable further investigative experimentation 
and has formed the basis of several studies in semi-arid areas of New Mexico 
(Fredrickson et al., 2006). Fredrickson et al (2006) concentrate on the impact of 
historical legacies to argue currently observed mesquite expansion is a result of 
disturbance patterns on a longer timescale than the often cited impact of agricultural 
livestock grazing.  
Connectivity 
In recent years connectivity has emerged as a progressively more popular concept 
across multiple disciplines including ecology, hydrology and geomorphology 
(Kimberly et al. 1997, Lane et al. 2004, Bracken and Croke 2007). A connectivity 
based approach has recently been applied to understanding the transfer of water 
and sediment from one part of a landscape to another and the coupling between 
units within the landscape (Bracken and Croke 2007). Connectivity can be divided 
into functional and structural connectivity, i.e. when considering the connectivity of a 
landscape; structural connectivity considers the extent to which landscape elements 
are contiguous or physically linked to one another, whilst functional connectivity can 
be used to examine the processes linking landscape/habitat elements (Turnbull et 
al., 2008b). Hydrological and ecological functional connectivity both concentrate on 
movement, with ecological functional connectivity referring principally to the 
movement of biota around the ecosystem, whilst hydrological functional connectivity 
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concentrates on the flow of water sediment and nutrients over the landscape 
(Turnbull et al., 2008b). As is the case with ecological connectivity, in hydrology, it is 
the connectivity of structural attributes such as soil moisture that affect the functional 
connectivity of the landscape (Turnbull et al., 2008b). Therefore, it is the interactions 
between structural and functional connectivity that result in the dynamic hydrological 
connectivity of landscapes (Turnbull et al., 2008b, Bracken and Croke 2007).  It is 
also necessary to consider the interactions between both ecological and hydrological 
connectivity due to a multitude of biotic and abiotic interactions and feedbacks 
(Abrahams et al., 1995, Rodriguez-Iturbe, 2000, Wainwright et al., 2000). Therefore, 
the structural connectivity of the landscape determines the landscape biotic and 
abiotic functional connectivity, but the resulting functional activity will be species 
specific, in turn modifying structural connectivity. 
In a recent attempt to provide a unifying concept covering all aspects of dryland 
degradation or desertification, Okin et al (2009) propose connected pathways as the 
underlying unifying concept, providing a key indicator of desertification and a 
framework for managing these environments. It was argued that landscape change 
processes depend on connectivity as connected pathways allow the occurrence of 
fire propagation, wind and water movement that are directly responsible for the 
spatial distribution of resources and vegetation (Okin et al., 2009). Feedbacks that 
increase connectivity, such as the self augmenting islands of fertility associated with 
shrub expansion (Schlesinger et al., 1990) may also help to increase connectivity 
even after the initial drivers have ceased or reduced in magnitude (Okin et al., 2009). 
The model proposed by Okin et al (2009), aims to integrate the multiple hierarchies 
of scale involved in desertification, ranging from the plant inter-space scale, to the 
larger landscape scale where short connected pathways may result in local 
redistribution, whilst longer pathways result in much larger areas of resource 
contribution and possible ecosystem loss. As the size of connected pathways is 
measurable the model is also scale explicit; however there is not a single value to 
differentiate short and long pathways. This is not only processes dependent but also 
dependent on the forcing conditions at any place or time (i.e. volume of runoff and 
slope for water erosion) (Okin et al., 2009).  
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Non-linear Dynamics 
 
Attempts to apply threshold concepts to semi-arid vegetation transitions (Laycock, 
1991) are complicated as it is widely acknowledged that these transitions display 
nonlinear, threshold dynamics (Peters and Havstad, 2006). Because of the dynamics 
of these vegetation changes, conceptual models need to be able to take into 
consideration, both gradual successions and state-threshold dynamics with a cusp-
catastrophe model being suggested as the solution for application to semi-arid 
vegetation transitions due to its ability to handle different types of vegetation shift 
(Lockwood and Lockwood, 1993 , Rietkerk et al., 1996, Turnbull et al., 2008b). 
In an attempt to conceptualise the grass to shrub vegetation transition, Turnbull et al 
(2008b) build upon previous conceptual approaches to propose an ecohydrological 
framework, hypothesising that semi-arid land degradation conforms to a cusp-
catastrophe model in which the two controlling variables are abiotic structural 
connectivity and abiotic functional connectivity. The usefulness of a cusp-
catastrophe model is that they have the capacity to explain both successional and 
state-and-threshold ecosystem dynamics that have been observed to apply to cases 
of semi-arid grassland degradation (Rietkerk et al., 1996, Turnbull et al., 2008b). In 
the cusp-catastrophe model (Figure 2.4) the dynamics of vegetation change in 
response to a driving disturbance will be determined by the abiotic and biotic 
connectivity and the point at which a particular ecosystem lies along the cusp fold 
(determined by land use history and extrinsic conditions). Figure 2.4 also illustrates 
two transition scenarios hypothesised by Turnbull et al (2008b). In scenario 1, the 
invasion of shrubs is not associated with a major increase in abiotic structural 
connectivity, and so the degree of habitat fragmentation remains relatively low, 
resulting in a gradual vegetation succession, without a catastrophic shift and under 
which a reversal is possible. However, under scenario 2, high abiotic connectivity, 
possibly in the form of well connected flow pathways, results in a high degree of 
grass fragmentation, increasing vulnerability to wind and water erosion/redistribution 
of resources and increasing the likelihood of a catastrophic jump to a shrub 
dominated landscape process, under which due to mutually reinforcing biotic and 
abiotic processes a reversal to grassland is more unlikely. 
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Figure 2.4 Hypothesized dynamics of land degradation, in the case of semi-arid grassland to 
shrubland transitions (after Turnbull et al., 2008b).  
 
Table 2.2 Summary table of key conceptual approaches that have been applied to understanding 
semi-arid vegetation transitions. 
 
Approach/Model Key Features Reference 
Trigger-transfer-
reserve-pulse 
framework 
Incorporates abiotic inputs/disturbances, resultant pulses and associated 
feedback mechanisms. However, only a simplified representation of 
processes. 
Ludwig et al., 2005; Popp 
et al., 2009 
Hierarchy theory  Provides a method for documenting differences in patterns and processes at 
each level of a spatial and temporal hierarchy. However, does not explicitly 
provide a means of linking scales. 
Peters and Havstad  
(2006) Fredrickson et al., 
2006 
Connectivity Approach for understanding the transfer of material within the landscape and 
the coupling between landscape units. 
Bracken and Croke 
 2007, Okin et al 2009 
Non-
Linear/Cusp-
Catastrophe 
Model 
Allows for both a gradual system change and a sudden shift depending on 
connectivity. 
Turnbull et al., 2008b 
 
The conceptual models (summarised in Table 2.2) provide a useful way of 
attempting to understand, or stimulate debate and research regarding, the complex 
interaction of multiple factors operating at different scales, which influence vegetation 
transitions and degradation in semi-arid environments. However, it is important to be 
aware they are highly simplified and a detailed understanding of the processes 
occurring must be obtained to justify the practical implementation of any of the 
discussed models. Turnbull et al (2008b) highlights three key areas for future 
research to test whether hypothesised cusp-catastrophe model is appropriate for 
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representing semi-arid grassland degradation and the resulting grass to shrub 
transition (1) evaluate how abiotic and biotic function (i.e. water, sediment and 
nutrient loss/redistribution) vary over grass–shrub transitions (2) quantify the 
biotic/abiotic structure over grass–shrub transitions (3) Determine the interactions 
between ecosystem structure and function, and interactions/feedbacks between 
biotic and abiotic components of the ecosystem. Subsequent work (Wainwright et al., 
2011, Turnbull et al., 2010a, Turnbull et al., 2012, Turnbull et al., 2011) has 
produced convincing evidence to support the argument that grass-shrub transition 
represents a catastrophic shift, resulting in a self-reinforcing landscape structure, 
which with an increased vulnerability to soil erosion, will suffer continued depletion of 
resources, making a transition back to grassland unlikely if not impossible. The 
conceptual model proposed by Turnbull et al (2008b), does have the limitation of 
being based upon extensive research into one particular vegetation transition (grass-
to-creosote) and needs other vegetation transitions occurring in semi-arid 
landscapes investigation is required into whether other transitions occurring in the 
US-SW show similar changes in structure and function. Furthermore, whilst changes 
in connectivity are proposed as the drivers of grassland degradation and empirical 
research shows, changes in structure over vegetation transitions to correlate with a 
change in function (Barger et al., 2006, Wainwright et al., 2011); further quantitative 
understanding of these linkages is required. Attempts to measure hydrological 
connectivity (Bautista et al., 2007, Mayor et al., 2008, Bracken and Croke, 2007) 
provide one potential avenue to quantify the relationship between structure and 
function. 
2.8. Summary 
Ecohydrological processes, patterns and feedbacks operate at multiple spatial and 
temporal scales. As a result of the high degree of complexity in understanding the 
multiple interactions, a number of conceptual models have been proposed to provide 
a framework for both increasing theoretical understanding and as to facilitate further 
research. However, whilst providing a useful resource, further research into 
understanding the processes occurring, both via modelling and empirical field 
measurements, is required before their use can be fully justified. Whether explicitly 
stated or not, the conceptual approaches discussed in this chapter, link structural 
and functional changes via changing connectivity. Seeking to quantifiably represent 
 
  2. Context of Research 
65 
 
hydrological connectivity over semi-arid vegetation transitions is viewed as a key 
way in which this study can build upon previous research and provide data 
addressing theories previous proposed (i.e. Turnbull et al., 2008b, Okin et al 2009).   
Vegetation type has been shown to have an important effect on the distribution of 
vegetation, sediment and nutrients (Dickie and Parsons, 2012, Turnbull et al., 2010b) 
in addition to influencing the occurrence of hydrological processes and the 
associated redistribution of resources. Due to the importance of ecohydrological 
interactions it can be argued that vegetation type and cover exerts a first order 
control over hydrological function (Chartier et al., 2011, Michaelides et al., 2009). 
There is a requirement for further research into the implications of changing 
ecohydrological interactions as a result of vegetation transitions. In particular 
increased heterogeneity is often associated with reduced vegetation coverage and 
increased landscape connectivity resulting in an increased vulnerability to soil 
erosion. Increased soil erosion has important implications for nutrient cycling and in 
areas such as the impact of accentuated erosion upon carbon budgets, stores and 
fluxes, there is still significant uncertainty. 
The balance between inputs, outputs and storage of carbon in dryland environments 
is controlled by a multitude of biochemical and physical processes operating at a 
range of spatial and temporal scales. Due to many drylands experiencing extensive 
environmental change, there is a growing interest in and need to understand dryland 
carbon dynamics. Additionally, with relatively low soil carbon levels, drylands are 
often environments with a high potential to sequester carbon, therefore mitigating 
against the effects of anthropogenic carbon emissions and associated global climate 
change. Inappropriate or misinformed management strategies, could reduce carbon 
storage potential or even result in significant carbon losses (Breshears et al., 1999). 
Therefore, an understanding, covering the complete carbon cycle is required to 
maximise the potential of drylands as carbon sinks, whilst also fulfilling other 
management objectives, such as sustainable agriculture land uses. 
Soil erosion is one key area in drylands where there is currently a limited 
understanding of carbon budgets, cycling and fluxes. Understanding carbon fluxes is 
particularly relevant in dryland environments which have or are undergoing grass to 
woody transitions, which as a result of changing ecohydrological interactions is 
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widely believed to lead to an increased vulnerability to erosion (Turnbull et al, 
2010a). Research has found carbon storage in areas of shrubs to be higher than 
grass, both in terms of plant biomass (Fang et al., 2001, Krull et al., 2005) and SOC 
(Bird et al., 2002, Brazier et al., 2013). SOC is preferentially located in the vicinity of 
the soil surface and of low density and is therefore extremely vulnerable to erosion, 
combined with the potential for the mineralisation of eroded SOC, means the 
importance of soil degradation in general and that of soil erosion in particular on 
carbon dynamics and possible emissions of green house gasses is significant (Lal, 
2003). There is a significant degree of uncertainty in predicting the global loss of 
SOC via erosion (Quinton et al., 2010, Fearnside, 2000). Therefore, because of the 
land area covered by drylands, the widely observed woody encroachment and the 
resulting increased vulnerability to erosion, understanding fluvial carbon fluxes in 
drylands is of considerable importance and represents a key area in which further 
research is required. 
Based upon the state of current understanding reviewed herein; the following 
chapter outlines the aims and objectives of this study and details how they will 
further understanding of vegetation change and fluxes of water, sediment and 
carbon in semi-arid environments. 
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3. Aim and Objectives 
Aim: To develop understanding of grass-to-woody vegetation change and water, 
sediment and carbon dynamics in semi-arid environments 
3.1. Objective 1: To determine if ecosystem structure shows significant differences 
over the transition from grama grass to creosote shrubland and over the transition 
from grama grass to piñon-juniper woodland.  
Previous research has established that changes in structure and function over semi-
arid vegetation transitions are closely linked (Turnbull et al., 2012). Thus, in order to 
understand fluxes of water, sediment and carbon, it is necessary to understand the 
structure of vegetation and the spatial distribution of soil physical properties and 
resources across semi-arid vegetation transitions. It has been observed that across 
grass-to-woody vegetation transitions an increase in the heterogeneity of vegetation 
is accompanied by an increased heterogeneity of soil resources (Dickie and 
Parsons, 2012, Schlesinger et al., 1990). This study builds upon geostatistical 
approaches to understanding ecosystem structure (Turnbull et al., 2010a, Dickie and 
Parsons, 2012, Müller et al., 2008). A novel aspect of this research is 
simultaneously applying identical methodological approaches to sites over the 
transition from grama grass to creosote shrub and over the transition from 
grama grass to piñon-juniper woodland. In addition to facilitating the interpretation 
of subsequent objectives, analysis of structure will increase understanding of soil 
carbon dynamics under vegetation cover that dominates large swathes of the US-
SW. 
3.2. Objective 2: To quantify fluxes of water, sediment and carbon over the 
transition from grama grass to creosote shrubland and over the transition from 
grama grass to piñon-juniper woodland. 
Vegetation transitions in semi-arid environments have been shown to significantly 
alter hydrological processes, with woody encroachment leading to an increase in 
hydrological connectivity (Okin et al., 2009, Van Nieuwenhuyse et al., 2011) and 
considerable increases in runoff and erosion (Wainwright et al., 2000). Differences in 
hydrological function, following woody encroachment, can in turn, reinforce the 
spatial heterogeneity of vegetation and soil resources associated with woody 
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dominated landscapes (Schlesinger et al., 1990). There remains a lack of 
quantitative understanding of the interactions between vegetation change and the 
resulting change to fluvial fluxes. A key area of uncertainty is the relationship 
between vegetation change and carbon dynamics, with soil erosion remaining a 
major unquantified component of the carbon budget (Sanderman and Chappell, 
2012, Lal, 2005, Berhe et al., 2007). This project quantifies sediment yields and 
associated fluvial carbon fluxes for rainfall-runoff events across the monitored 
vegetation transitions in addition to inter-event dynamics; this will increase 
understanding of fluvial fluxes of carbon and how these vary across two of the 
dominant vegetation transitions occurring across the US-SW. 
3.3. Objective 3: To compare and contrast ecosystem structure, function and 
connectivity over the transition from grama grass to creosote shrub and over the 
transition from grama grass to piñon- juniper woodland. 
Transitions in vegetation in semi-arid areas like the US-SW have been studied in 
detail and often in isolation (Turnbull et al., 2010a, Abrahams et al., 1995, Peters, 
2002).  What is required is to improve not only our understanding of multiple 
transitions in vegetation structure but also the resultant change in function and 
connectivity. This study will characterise changes in ecosystem structure and 
connectivity over the transition from grama grass to creosote shrub and over the 
transition from grama grass to piñon-juniper woodland, followed by monitoring of the 
temporal and spatial variation in fluvial fluxes as a result of high intensity, short 
duration monsoon rainfall events. This study will also investigate whether 
hydrological connectivity can be applied to quantitatively link observed 
patterns of structure and function. The research outlined is of major significance 
to understanding ecosystem processes occurring in semi-arid areas of the US-SW; 
addressing whether contrasting grass-woody transitions show common 
interactions between structure and function.  
3.4. Objective 4: Derive and use biogeochemical tracing techniques to further our 
understanding of the effect of vegetation cover on fluvial sediment and organic 
carbon fluxes. 
Existing research argues that following woody encroachment, an increased 
heterogeneity of vegetation cover, leads to a greater vulnerability to erosion (Turnbull 
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et al., 2010a). Thus, woody encroachment is commonly associated with increased 
fluxes of sediment and soil resources including carbon (Brazier et al., 2013). It is 
argued that following woody encroachment, sediment and associated resources are 
lost more readily from easily erodible bare areas (Wainwright et al., 2000, 
Schlesinger et al., 1990, Ludwig et al., 1997). However, there still remains a lack of 
understanding and quantitative data regarding the source of fluvial fluxes within the 
landscape. Objective 4 of this study aims to advance understanding of the sources of 
eroded sediment and carbon, this will be done using biogeochemical analysis to 
fingerprint the source of eroded material and how this varies spatially (over 
vegetation transitions) and temporally (with rainfall-runoff event characteristics).  
Woody encroachment in semi-arid areas is often characterised by a transition from 
C4 grasses to C3 woody species, therefore, a change in the dominant metabolic 
pathway used for carbon fixation in photosynthesis (Osborne and Beerling, 2006). 
Variations in the photosynthetic pathway of vegetation, in turn results in variation to 
the stable carbon isotope values of vegetation and related soil organic material, with 
C3 woody species being depleted in δ
13C relative to C4 grass species. Previous 
research has demonstrated the usefulness of δ13C values in understanding semi-arid 
vegetation succession (Boutton et al., 1998, Bai et al., 2012), whilst preliminary work 
has also been undertaken to use δ13C  values to understand semi-arid erosional 
dynamics (Turnbull et al., 2008a). This study seeks to build upon previous work, 
recognising the difficulties in using stable δ13C in non steady state environments and 
to make methodological refinements deriving usable δ13C signatures. 
In addition to the use of bulk δ13C values; further biogeochemical analysis will be 
undertaken with the aim of establishing mutually supportive biogeochemical tracing 
techniques. Gas chromatography analysis is used to measure the concentrations 
and pattern of n-alkane hydrocarbon chains, in vegetation, soil and sediment 
samples across the monitored study sites. n-alkane compounds are a major 
constituent of plant leaf lipids and are thought to be resistant to degradation (Bull et 
al., 2000, Marschner et al., 2008). Furthermore, previous research has demonstrated 
that grasses and woody species show distinctive preferences for n-alkanes of 
different hydrocarbon chain lengths (Zech et al., 2009). As a result of variations in 
chain length preferences, n-alkanes have been used previously as 
palaeoenvironmental proxies (Nott et al., 2000, Zhang et al., 2006); herein their 
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applicability in understanding the source of organic material in soil and eroded 
sediment will be assessed. Together mass spectrometry and gas 
chromatography analysis will be undertaken with the aim of establishing 
biogeochemical signatures that can be traced from source vegetation, to soil, 
through to eroded sediment.  
The following chapter outlines the experimental framework, including field, laboratory 
and analytical techniques used to address the identified objectives. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  4. Experimental Framework and Methods 
71 
 
4. Experimental framework and methods 
4.1. Introduction 
This chapter sets out the experimental framework and methods used to address the 
aims and objectives identified in Chapter 3. First, the choice of study sites is 
explained, along with a detailed description of the Sevilleta National Wildlife Refuge, 
New Mexico (SNWR) within which they are located. Thereafter, the experimental 
field design, sample or data collection and subsequent laboratory and data analytical 
techniques used within each results chapter are presented. 
4.2. Study site  
Figure 4.1 Location of study sites: (a) location of the Sevilleta National Wildlife Refuge (SNWR ) 
within the USA, (b) location of SNWR within New Mexico, (c) location of study sites within the SNWR 
and map of vegetation cover (Puttock et al., 2012) Source data: 0.5 ha NDVI Thematic mapper image 
1987-1993, (http://sev.lternet.edu). 
4.2.1. Site location and vegetation characteristics 
Fieldwork for this project was undertaken at the SNWR, New Mexico, USA (Figure 
4.1). The SNWR occupies 230,000 acres and is located within the Middle Rio 
Grande Valley at the northernmost tip of the Chihuahuan Desert. This study focused 
on the half of the refuge to the east of the Rio Grande (Figure 4.2) over which desert 
grasslands, dominated by grama species, shifts to encroaching creosote shrubland 
to  the west/southwest and piñon-juniper coniferous woodland to the east (Figure 
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4.3). As with other similar cases across the US-SW, the current episode of woody 
encroachment is thought to have occurred during the last 150 years, being attributed 
primarily to grassland degradation from grazing exacerbated by drought (Buffington 
and Herbel, 1965). Whilst quantitative evidence for vegetation change across the last 
150 years is lacking, with regular ecological monitoring along vegetation transects 
only existing for the last two decades (http://sev.lternet.edu), aerial photos provide 
limited evidence for the enlargement of shrub clusters (Gosz, 1992) and 
biogeochemical studies suggest the previous presence of grasslands in areas now 
dominated by woody vegetation (Turnbull et al., 2008a, Puttock et al., 2012). 
The transitions from grassland to creosote shrubland and coniferous woodland were 
of particular interest to this study because as discussed (Chapter 2) they are 
representative of grass-woody vegetation transitions occurring across large swathes 
of the basin and range topography of the semi-arid US-SW. Thus, it is hoped, 
studying the structure-function interactions and resulting fluxes of water, sediment 
and carbon occurring across transitions will provide understanding, relevant to grass-
woody transitions occurring both across the US-SW and globally. 
 
Figure 4.2 Map of eastern half of Sevilleta National Wildlife Refuge (SNWR), showing location of 
study sites and a more detailed version of the vegetation classifications summarised in Figure 4.1 
(Source data: 0.5 ha NDVI Thematic mapper image 1987-1993, http://sev.lternet.edu) 
 
 
 
 
 
Figure 4.3
endmember, Right: Piñon
4.2.2. Climate of the SNWR
The SNWR experiences a semi
water. Long term mean annual precipitation (1989
elevation basin sites and 365 mm in the higher elevation mountainous sites 
(http://sev.lternet.edu
timescales as influenced by the Pacific Decadal Oscil
Southern 
precipitation varies, year to year, rainfall at the SNWR is typically dominated by a 
summer monsoon season, with a long term average of around 60% of annual 
precipitation falling in a small number of short
between Ju
are 13.2°
and 12.7°C with a low of 2.5°C in January and a high of 23.0°C in July in the Los 
Piños mountains 
4.2.3. Soils, geology and topography at the SNWR 
The SNWR is dominated by Tertiary and Quaternary sedimentary rocks of the Santa 
Fe group 
permeable gravely sandy loams (Figure 4.4).  
located over the transition between T
sandy loams series. At Los 
which is also a gravelly sandy loam (USDA, 2012). Soils across the study sites are 
 Photos from SNWR illustrating, Left: Creosote shrub endmember, Centre: Grama grass 
Oscillation (ENSO) climatic cycles. Whilst the seasonal pattern of 
ne and September. Long term mean annual tem
C, with a low of 1.6°C in January and a high of 25.1°C in July in the Basin 
(Rawling, 2004)
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relatively shallow and in the basin underlain by an impermeable calcium carbonate 
‘caliche’ layer between 15 and 45 cm below the soil surface. The caliche layer, in 
combination with varying degrees of stone pavement cover, results in typically rapid 
runoff response to rainfall (Cooley, 1973). As shown in Figure 4.5 study sites in the 
basin were approximately 1500 m above sea level whilst sites at the Loss Piños 
Mountains were approximately 2000 m above sea level. In addition to elevation, 
Figure 4.5 highlights the major channel networks across the SNWR, which 
predominantly drain either into the Rio Grande that runs though the centre of the 
refuge or from the bordering mountain ranges into the basin, depositing sediment in 
alluvial fans. Apart from the main Rio Grande and sections of the Rio Salado (major 
channel in western half of refuge) channels are predominately ephemeral, only 
flowing following runoff from intense summer monsoon rainfall or snow melt in the 
mountainous areas.  
 
 
 
Figure 4.4
monitored study sites and underlying soil types in higher detail (Source data: United States Geological 
Survey).
 Soil classification map of the SNWR, Rectangle and enlarged section show 
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Figure 4.5 Digital elevation model (10 m resolution) for SNWR showing study site location and 
presence of major drainage networks (Source data: http://sev.lternet.edu) 
4.2.4. Anthropogenic land use at the SNWR 
Prior to Spanish discovery and colonisation in 1598, southern New Mexico was 
inhabited by Piro Indians of whom relatively little is known but who, it is believed 
undertook some farming for corn and hunting of wildlife. However, the main 
anthropogenic land use upon the area which is now the SNWR is believed to be 
when the area was grazed by cattle and sheep for 30 years following the purchase of 
the land by General Thomas Campbell in 1936. General Campbell established the 
Campbell Family Foundation, with the aim of preserving the landscape in its natural 
state and making it available for education and scientific research purposes, 
following his death. In 1973 the land was donated to the US Fish and Wildlife Service 
(USFWS) and the SNWR was established with access restricted to the USFWS and 
scientific/educational personal and projects (http://www.fws.gov/refuge/Sevilleta).  
In addition to being a wildlife refuge, the Sevilleta was made a Long Term Ecological 
Research site (LTER) and is home to a field station and research group hosted by 
the University of New Mexico. The Sevilleta LTER focuses on how biotic and abiotic 
drivers affect the spatial and temporal dynamics of arid land ecosystems facilitating 
long-term research that addresses important basic theories and yet has significant 
relevance to regional, national and international priorities (http://sev.lternet.edu). An 
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additional benefit of the study site locations was that they were located in close 
proximity to LTER research projects studying net primary production, decomposition, 
climate, vegetation change, soil nitrogen and carbon dynamics, evapotranspiration 
and CO2 fluxes. The presence of extensive LTER research projects (Particularly the 
Five Points and Piñon-Juniper rainfall experiment), for which all data is freely 
available (http://sev.lternet.edu) raises the future possibility of presenting the data 
gathered in this study within the context of wider ecosystem processes and function, 
which were beyond the aims and scope of the monitoring framework. LTER 
meteorological stations acted as back-up to the instrumental set-up of this study and 
via the LTER telemetry network provided a convenient early warning indication of the 
occurrence of rainfall-runoff events at the study sites. 
4.2.5. Selection and design of Field Sites 
Selection 
The objectives of this study (Section 3) necessitated the investigation into different 
vegetation endmember states over two vegetation transitions. Ideally, these would 
be investigated by long term monitoring studies in areas undergoing vegetation 
change. However, research suggests that the grass to woody vegetation transitions 
observed across the US-SW and in semi-arid areas globally are occurring on a 
decadal to centenary timescale, thus, was not possible to monitor within the 
timeframe of this, or most research projects. Because of these timescale constraints 
an ergodic approach was used to select the sites used within this study. The Ergodic 
theory is a mathematical assumption, originating in statistical mechanics that 
assumes time-space distribution averages to be the same (Walters, 2000), this has 
been adapted to ecological and environmental research projects including those 
investigating vegetation change (Matthews and Whittaker, 1987, Burk, 2006) to 
assume that change recorded over a spatial vegetation transition between 
endmember species types is comparable to a vegetation change over time. Thus, for 
this study, four sites were constructed over the grass to shrub and grass to woodland 
ecotones at the SNWR (With 90 characterisation samples collected from each). Four 
sites were selected as this was the number necessary to encompasses endmember 
vegetation types over the two ecotones, whilst at the same time remaining practically 
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manageable, which was a necessity, especially for the post event sampling (section 
4.4.2). The criteria used in the selection of the sites were: 
a) Each site must be characteristic of an endmember vegetation state over the 
two monitored ecotones. 
b) Sites must be of comparable area, dimensions and slope to allow comparison 
between monitored rainfall-runoff relationships. 
c) Sites must be located on a planar slope (or close to as possible). 
d) Over the two ecotones, sites selected as being representative of endmember 
vegetation states, must be as close to each other as possible, thus minimising 
variation in geology and soil characteristics in addition to meteorological 
variables.  
The two sites used over the grass to shrub ecotone at McKenzie flats in the Rio 
Grande basin were monitored in a previous study (Turnbull, 2008, sites 1 and 4) 
whilst the sites used over the grass  to woody ecotone in the Los Piños mountain 
were selected in 2010 for use in this study.  At the basin sites, the grass endmember 
state was dominated by black grama (Bouteloua eriopoda) and the shrub 
endmember state dominated by creosote (Larrea tridentata). At the mountain sites, 
the grass endmember state was dominated by blue grama (Bouteloua gracilis) and 
the woody endmember site dominated by mixed stand piñon-juniper (pinus edulis 
and juniperus monosperma).  
The selected sites each encompassed an area of 300 m2 (10 m wide and 30 m 
long); with length being particularly important as this has been shown to have a 
significant influence on rainfall-runoff relationships and transmission losses (Parsons 
et al., 2006). The gradient of the selected plots was: 4 % at the grass in basin site, 3 
% at the creosote in basin site, 7 % at the grass at Los Piños site and 6 % at the 
piñon-juniper at Los Piños site.  
 
 
 
Figure 4.6
vegetation transitions. 
ecosystem structure, whilst question marks in blue rectangles designate the requirement to quantify 
ecosystem hydrological function. Arrows highlight the necessity of the experimental 
allow for direct comparison between data obtained from each study site over the grass
grass-woody transition.
Experimental 
To address the objectives of this study, the design of study sites had to enable the 
quantification veg
characteristics and resultant fluxes of water, sediment and carbon sediment. The 
aims, requirements and design of the experimental sites is conceptualised in Figure 
4.6. Key to the desig
capture reality 
interest to the study objectives. Previous research has highlighted the limitations of 
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as processes such as runoff have been shown to be scale dependent 
and Parsons, 2002, Parsons et al., 2006)
(Bagarello et al., 2011)
 Diagram conceptualising the design of the experimental setup over the two monitored 
Desig
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soil erosion rates (Maetens et al., 2012), added to temporal limitations to plot scale 
studies, with bound plots raising the possibility of exhaustion effect, resulting from 
the loss, without replenishment of material (Ollesch and Vacca, 2002). However, 
bound rainfall-runoff plots do give the notable advantages (Wainwright et al., 2000), 
allowing the quantification of inputs  and outputs and using standardised monitoring 
techniques over directly comparable spatial scales (Boix-Fayos et al., 2006), thus 
allowing investigation into how these differ between ecosystem types. 
Previous research has stressed the importance of choosing a suitable runoff plot 
size for the processes being monitored (Boix-Fayos et al., 2006, Poesen et al., 
1996). A length of 30 m and a width of 10 m were chosen for this study as it was 
viewed these were dimensions that allowed the vegetation structure and pattern of 
both grass and woody vegetation species to be successfully encompassed, in 
addition to the variation in runoff characteristics that result from the ecohydrological 
interactions associated with the vegetation structure. At the same time these 
dimensions represented the typical hillslope length in these dissected landscapes, 
were practically manageable in terms of construction, instrumentation and 
maintenance and could be located within a planar section of a hillslope. The ability to 
locate the study sites within a planar section of the hillslope was desirable, as this 
allowed investigation into ecohydrological interactions, whilst minimising 
topographical variation. Whilst this experimental setup allows for comparison 
between the different ecosystem types and investigation into the pattern-processes 
occurring, due to the scale dependent nature of water, sediment and nutrient fluxes 
(Brazier et al., 2007) it is recognised that yields reported in this study cannot be 
linearly extrapolated to the landscape scale, without a high degree of uncertainty. 
The experimental design used by this study is conceptualised in Figure 4.7. In 
addition to the bound rainfall-runoff plot, a characterisation area of comparable 
dimensions was constructed to allow the collection of soil samples. This was 
necessary as destructive soil sampling within the rainfall-runoff plot would have 
major implications for its hydrological function. The experimental sampling 
framework used for characterisation sampling of ecosystem structure is detailed in 
section 4.3, whilst the experimental sampling framework used to quantify 
hydrological function is detailed in section 4.4. 
 
 
 
Figure 4.7
runoff plot, running through an instrumented flume into a covered stock tank; 
characterisation plots each consisting of 27 fine scale and 18 broad scal
for each study site; and 
overlapping close range aerial photos.
4.3. Methodology for Chapter 
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to creosote shrub and over the transition from grama grass to piñon-juniper 
woodland. 
The ecosystem structure component of Research Objective 3 assumes the overall 
null hypothesis:  
H0: The transition from grass to creosote and grass to piñon-juniper, results in no 
significant difference in the spatial distribution of vegetation and monitored soil 
properties. 
Experimental setup for geostatistical analysis 
This study took a geostatistical sampling approach to characterising vegetation and 
soil structure at the monitored study sites. This approach was based upon previous 
research that has illustrated that the scale at which analysis reveals measured 
variables to be spatially dependent, varies with the scale at which variables are 
measured (Müller et al., 2008). Thus, large scale sampling will only reveal large 
scale variability and fine scale sampling will only reveal fine scale variability (Peukert 
et al., 2012). Therefore, a nested sampling framework was implemented to measure 
variables and their spatial variability at a broad and medium scale. As discussed in 
section 4.2.5.1, characterisation sampling could not be undertaken from the bound 
runoff plots, due to its destructive nature; therefore, as illustrated in Figure 4.6, each 
study site consisted of two characterisation areas boarding the runoff plot. Each of 
these 150 m2 areas was split into three 50 m2 (5 x 10 m) areas within which six broad 
scale sampling points were randomly located. Additionally within each 50 m2 area 
9m2 areas (3 x 3 m) were randomly selected within which nine medium scale 
sampling points were located; in total for each study site this resulted in ninety 
georeferenced sampling points for geostatistical analysis. 
Vegetation characteristics 
Understanding changes in vegetation species and structure (cover and pattern) over 
the grass to woody study sites and between the different woody end members was 
central to the objectives of this study. It is believed that the structure of vegetation is 
a key control on abiotic functioning, thus it was necessary to quantify vegetation 
characteristics over the study sites to allow interpretation of results from the 
monitoring of rainfall-runoff events. 
 
 
 
At each study site the vegetation structure over the bounded runoff 
calculated using close range aerial photographs. 
constructed over the site with taugh
three points (see study site Figure 4.7 for camera run positions). An Olympus 
megapixel digital camera suspended on the cables, five metres above the sites; this 
allowed multiple images (over 100 per 
conjunction with georeferenced ground control points, mosaiced to form a high 
resolution composite site image. Images were mosaiced using Erdas Imagine 2011 
image processing software then imported into Esri Arc V
using manual digitisation. Manual digitisation was chosen for quantifying vegetation 
cover as experimentation with unsupervised and semi
deemed to produce results of unsatisfactory accuracy. Images
classified into three classes: bare ground, woody vegetation cover and grass 
vegetation cover (Figure 4.8). In addition to quantifying vegetation characteristics 
over the bounded runoff plot, vegetation coverage (bare or vegetated) and 
type were recorded at each sampling point within the neighbouring characterisation 
sites, thus allowing direct correlation between vegetation cover and underlying soil 
characteristics.
Figure 4.8
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Soil structure and resource characteristics 
In addition to vegetation, soil structure has an important impact upon abiotic and 
biotic function and also soil resources such as carbon. Of particular interest to the 
objectives of this study was surface soil as this is the component of soil that interacts 
with fluvial processes and is vulnerable to erosion. With regard to soil resources, this 
study is primarily concerned with changing carbon levels with changing vegetation 
type and structure. Thus, soil bulk density (BD), particle size and soil organic matter 
content (SOM), total carbon (TC), soil inorganic carbon (SIC) and soil organic carbon 
(SOC) of surface soil was measured at each of the geostatistical sampling points. 
Soil samples were collected from the top five cm at each point and if not completely 
dry, oven dried at 60°C to a constant weight. Rifled sub samples were collected for 
representative sampling of SOM and BD. 
Bulk Density 
BD was measured by carefully inserting a steel cylinder of known dimensions and 
volume (220.89 cm-3, 5 cm depth, 7.5 cm diameter) into the soil at each sampling 
point. The cylinder was then carefully excavated with a flat pointing trowel. Soil 
samples were oven dried at 60°C to a constant weight. BD was calculated using the 
following equation: 
                         (Equation 4.1) 
Where BD = bulk density (g cm-3), m = mass of soil (g) and v = volume of cylinder (cm-3) 
Particle size analysis 
Coarse organic matter was first removed from the samples via flotation in water. 
Dried samples (oven dried at 60°C to a constant weight) were dry sieved using an 
automated shaker to 12 mm, 2 mm 0.5 mm, 0.25 mm and 0.0625 mm. Coarse 
organic matter was removed using tweezers. A rifled sub-sample of the < 0.5 mm 
fraction was treated in concentrated H2O2 to remove organic matter, and analysed 
on a laser particle-size analyser to determine the contribution of silt and clay. Particle 
class sizes were determined as class distinctions: soil >12 mm = coarse pebbles; > 2 
mm = fine pebbles; > 0.5 mm = coarse sand; >0.25 mm = medium sand; > 0.0625 
mm = fine sand; >0.003906 mm = silt; and < 0.003906 mm = clay. 
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Soil Organic Matter 
The organic matter content of the <2 mm soil fraction was determined by loss on 
ignition (LOI). The soil samples were pre weighed into clay crucibles, heated at 425 
°C for 16 hours to remove all organic matter, then allowed to cool and reweighed. 
Total C 
A riffled <2 mm sub sample from each point was finely ground using a pestle and 
mortar, then weighed into tin capsules prior to analysis on a Carlo Erba NA2000 
analyser (CE Instruments, Wigan, UK) to determine total carbon concentrations (mg 
g-1). 
Soil Organic Carbon 
The soils at the SNWR possess high levels of inorganic carbon due to the presence 
of the near surface calcium carbonate caliche layer. To determine SOC this 
inorganic carbon was removed from the sediments by acid washing (5g; 2M HCL) for 
a week and then triple washing in deionised water prior to analysis. Following acid 
washing, the same protocol was followed as was used to determine carbon. 
Soil inorganic carbon 
Inorganic carbon concentrations were determined from the difference between acid 
washed and non-acid washed samples analysed using a Carlo Erba NA2000 
analyser (CE Instruments, Wigan, UK) 
Semi-variogram analysis 
To measure the spatial structure and variability of monitored soil and vegetation 
properties, geostatistical analysis was carried out via the calculation of semi-
variograms. The experimental semivariogram (Equation 4.2) is estimated as half the 
average of squared differences between soil or vegetation variables separated by 
the lag distance vector h, with r as the number of pairs of samples points separated 
by distance h for the variable z at location x (Peukert et al., 2012, Goovaerts, 1998). 
 !"#   ∑ %&!'(# ) !'(  "#*

	+                       (Equation 4.2) 
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Semi-variograms are interpreted via analysis of lag and sill distances. When 
measured variables are spatially autocorrelated, semivariance increases, before 
levelling off at the sill, beyond which distance values are no longer autocorrelated 
(Schlesinger et al., 1996, Turnbull, 2008). For patterned data the sill also indicates 
the range at which the variable is spatially correlated (Turnbull, 2008). Variance at a 
finer scale than that sampled is called the nugget variance and occurs at the zero lag 
distance on the semivariogram (Schlesinger et al., 1996, Turnbull, 2008). For 
randomly distributed variables or variables showing little spatial correlation the semi-
variogram can be essentially flat, with a high nugget variance as there is little 
variance with distance. However, a high nugget variance could also be indicative of 
spatial autocorrelation than sampled, although there is no way of determining this 
without repeated field sampling at a finer scale (Turnbull, 2008). 
Semi-variogram analysis is designed for normally distributed data (Krige and Magri, 
1982), thus, prior to geostatistical analysis, exploratory analysis of the soil and 
vegetation datasets was undertaken. Where datasets displayed a substantial 
departure from a normal distribution, log transformation of the variables was 
undertaken to increase the normality. Additionally, to standardise the dataset, 
allowing comparison between calculated semi-variograms, z-score transformation 
was undertaken. Thus, standardised data had a mean of 0 and a variance and sill 
semi-variance of 1. Therefore, the nugget to sill ratio is equal to the variance, as in 
Turnbull (2008) this allows the nugget to sill ratio to be used to measure the degree 
of spatial dependence in soil and vegetation characteristics. 
Experimental variograms (omnidirectional) were calculated in Variowin 2.21 (Pantier, 
Springer, New York, NY, USA). To incorporate the nested sampling framework used 
by this study, experimental variograms were calculated using shorter lag distances at 
finer scales (Turnbull, 2008, Jackson and Caldwell, 1993). The lag distances used 
for nested sample properties were 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5, 10, 15, 25 and 
30 m, whilst the minimum number of data points incorporated to be statistically viable 
was 25. In order to interpret the calculated experimental variogram and fit lag and sill 
distances a statistical model was fitted to it using Variowin 2.21. Visual fitting of 
different semi-variogram models to the semi-variogram indicated the Gaussian 
model (Olea, 1999, Turnbull, 2008) to have the best fit and this was used for all 
semi-variograms calculated within this study. For aerial photos higher resolution data 
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was available, thus as with Turnbull, 2008 a minimum lag of 0.1 m was used. Semi-
variograms were analysed against the criteria proposed by Cambardella et al (1994). 
These criteria allow for the classification of the degree of spatial dependence of the 
soil and vegetation properties investigated based upon the nugget/sill ratio, with a 
value of less than 0.25 indicating a strong degree of spatial dependence, 0.25-0.75 
indicating a moderate degree of spatial dependence and a value greater than 0.75 
indicating a weak degree of spatial dependence (Cambardella et al., 1994). 
4.4. Methodology for Chapter 6 (Function) 
Results presented within Chapter 6, quantify the loss of carbon from natural rainfall 
events across the monitored study sites. Chapter 6 addresses Research Objective 2: 
To quantify fluxes of water, sediment and carbon over the transition from grama 
grass to creosote shrubland and over the transition from grama grass to piñon- 
juniper woodland. This assumes the overall null hypothesis: 
H0: Fluxes of water, sediment and carbon show no significant difference between 
grass and woody sites. 
Chapter 6 also addresses the ecosystem function component of Research Objective 
3: To compare and contrast ecosystem structure, function and connectivity over the 
transition from grama grass to creosote shrub and over the transition from grama 
grass to piñon-juniper woodland. This assumes the overall null hypothesis: 
H0: The transition from grass to creosote and grass to piñon-juniper, results in no 
significant difference in fluxes of water, sediment and carbon. 
Site setup and instrumentation for monitoring of rainfall-runoff events 
Rainfall-runoff site construction and instrumentation  
The bound rainfall-runoff plots at each study site were built according to designs 
proposed previously (Parsons et al., 2006) and implemented by Turnbull (2008). The 
30 m side length and 10 m upper sections were bound by aluminium inserted 
approximately 10 cm into the soil and protruding approximately 15 cm above the soil, 
thus preventing run-on and defining the area from which runoff was captured. The 
lower width of each plot consisted of plastic guttering reinforced by concrete and 
silicon sealant which funnelled runoff water from the runoff plot into a supercritical 
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flume installed at an angle of 4 %. The flume in turn channelled water into a plastic 
pipe which ran for approximately eight metres (the distance being important in 
preventing flow build up and encouraging laminar flow in the flume) into either a 560 
(at the basin sites) or 1000 gallon stock tank (at the Los Piños sites). The stock tanks 
were installed so as to be as close to level as possible, so the volume of water could 
be accurately calculated from depth measurements. Both the flume and stock tanks 
were covered by a removable roof to prevent non-runoff inputs, whether direct 
rainfall or windblown sediment and other debris.  
Each study site was equipped with an Isco 6700 pump autosampler fitted with a 730 
bubbler module and tipping bucket rain gauge (Figure 4.9). The rain gauges 
recorded rainfall on a one minute sampling frequency, tipping with every 0.254 mm 
of rainfall, whilst each flume had a stilling well from which the bubbler module could 
measure flow depth, also on a 1 minute interval. The Isco instrumentation was 
programmed to continuously record flow and rainfall and be able to trigger the 
autosampler to take one litre water samples on a one minute interval once a 
predetermined flow depth (1 cm) was achieved. The experimental design allowed for 
the capturing of water, sediment and carbon fluxes for each rainfall-runoff event, in 
addition to the monitoring of temporal variation in runoff, and suspended sediment 
(and associated carbon) characteristics on a 1 minute interval throughout each 
event.  
 
 
 
Figure 4.9
site in the basin (2010).
Flow depth to discharge calibration and quantification of discharge error
The rainfall
supercritical flume and it was necessary to
equations. Rating equations were required for each study site due to the small 
differences in flume dimensions and installation angle. Rating equations were 
calculated via in
Water was transported to each site and pumped through the flume using a generator 
at a range of discharges (regulated using the throttle of the generator). Depth in the 
flume and discharge into the stock tank were simultaneously m
across the full capacity of the flume. There is of course error associated with in
depth/discharge calculations and steps were taken to account for, and quantify these 
errors via repeated measurements of discharge at each depth range.
equations for the sites in the basin were calculated for use in a previous study 
(Turnbull, 2008) whilst rating equations for the Los Piños sites were calculated using 
the same methodology in June 2011. 
 A labelled example of the study site experimental
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To calculate the rating equations from the in-situ depth/discharge measurements, the 
upper and lower limits of each depth measurement (95 % confidence levels) were 
plotted against discharge and a polynomial line of best fit plotted through each. 
Upper and lower limits were both plotted in an attempt to quantify the error in the 
calculation at each depth. The upper and lower limit discharge rating equations are 
included in Table 4.1, whilst the depth discharge calibration curves calculated for the 
Los Piños sites are illustrated in Figure 4.10.  
Table 4.1 Depth (d) to discharge (Q) calculations for upper and lower and lower levels of variance 
derived from rating calibration curves. Basin sites values were recorded previously (Turnbull, 2008) 
whilst Los Piños relationships were calculated in this study (see Figure 4.10 for rating curves). 
Site Lower Limit Q Upper Limit Q 
Grama Grass in Basin Q = -0.0005d3 + 0.1032d2 + 0.5364d Q = -0.0007d3 + 0.1122d2 + 0.2336d 
Creosote in Basin Q = 0.0623d2 + 1.1294d Q = 0.0603d2 + 0.8088d 
Grama Grass at Los Piños Q = 0.2398d2 - 2.5413d + 18.134 Q = 0.2398d2 - 4.944d + 36.881 
Piñon juniper at Los Piños Q = 0.1462d2 - 1.8138d + 19.261 Q = 0.1462d2 - 3.2949d + 32.204 
 
 
 
Figure 4.10 Calibration rating curves showing the depth/discharge relationships for the flumes at the 
Los Piños sites (Basin sites recorded previously Turnbull, 2008). Blue diamonds mark the lower limit 
depth measurements of discharge (Q) and red squares the upper limit. Polynomial curves show the 
lower (solid) and upper (dotted) limits of measured depth for discharge at the 95 % confidence levels. 
Lower limit Q = 0.2398d2 - 2.5413d + 18.134
R² = 0.95
Upper limit Q = 0.2398d2 - 4.944d + 36.881
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Attempting to quantify and reduce the uncertainty associated with discharge 
calculations was important for its implications in calculating hydrographs and total 
discharge, but also for its role in further event analysis. Thus, error in discharge 
calculations would propagate though calculations of suspended sediment and 
nutrient concentrations (Turnbull, 2008). Therefore, to further account for error in 
discharge calculations the uncertainty of the flow module (±0.002 m) was added to 
the depth discharge equations, whilst as a final control the hydrographs were scaled 
against the total discharge recorded in the stock tanks (Figure 4.11).  
 
 
Figure 4.11 Relationship between measured stock tank discharge (Qs) and flume discharge (Qf) 
calculated from rating equations for the upper and lower limits of discharge. The lower uncertainty Qf 
values are represented by red squares and the upper uncertainty by red diamonds. Qs/Qf 
relationships are estimated using linear regression as represented by trend lines and relationship 
equations (n = 8-11, depending on number of events at each site). 
Post event protocol 
Following the occurrence of a runoff producing rainfall event, rainfall and flow depth 
data were downloaded from each pump sampler as a sampling report file using 
Upper limit Qf = 1.1632Qs+ 1.4015
R² = 0.98
Lower limit Qf = 0.9998Qs - 0.8785
R² = 0.99
0
100
200
300
400
500
600
0 100 200 300 400 500
Q
f 
(L
)
Qs (L)
Grama Grass in Basin
Upper limit Qf = 1.0681Qs + 11.202
R² = 0.99
Lower limit Qf = 0.9435Qs - 1.4487
R² = 0.99
0
500
1000
1500
2000
2500
0 500 1000 1500 2000 2500
Q
f 
(L
)
Qs (L)
Creosote in Basin
Upper limit Qf = 1.1255Qs + 11.883
R² = 0.98
Upper limit Qf = 0.9127Qs + 8.3318
R² = 0.99
0
200
400
600
800
1000
1200
1400
1600
1800
2000
0 500 1000 1500 2000
Q
f 
(L
)
Qs (L)
Pinon-Juniper at Los Pinos
Upper limit Qf = 1.2093Qs - 1.4248
R² = 0.97
Upper limit Qf = 0.9512Qs - 7.6919
R² = 0.97
0
100
200
300
400
500
600
700
0 100 200 300 400 500
Q
f 
(L
)
Qs (L)
Grama Grass at Los Pinos 
 
  4. Experimental Framework and Methods 
92 
 
Flowlink 5 software (Teledyne Isco, Lincoln, Nebraska). All 1 L water samples were 
removed from the pump autosampler as quickly as possible following an event 
(always within 6 hours) and stored under ice in a cool box for transportation back to 
the laboratory. As a back-up check to the recorded rainfall-runoff data, rainfall levels 
in V-gauges were also recorded, as was the total depth of water collected in the 
stock tank. Following collection of rainfall-runoff data, the water in the stock was 
removed via pumping using a marine bilge pump, being careful not to disturb the 
eroded sediment that had settled in the stock tank, thus minimising losses of 
sediment and carbon. Following removal of water, stock tank sediment was collected 
for laboratory analysis. Sediment was also collected from the bounded plot gutter 
and flume, to add to the total sediment yield. Following the removal of all sediment 
from the gutter, flume and stock tank, the flume and tank roofs were replaced, 
cleaned and weighed autosampler bottles (Liquinox detergent, dried then triple 
washed in deionised water) placed in the pump sampler and the sampler program 
reset and sampler diagnostics run (battery voltage checked, flow depth calibrated) 
ready to capture the next event.  
Laboratory analysis 
Suspended sediment 
Autosampler bottles were weighed, a subsample of water removed (carefully so as 
not to disturb sediment) for further analysis before oven drying, then reweighed to 
determine suspended sediment concentration. Dried sediment was then removed 
and stored in sterile vials for carbon (Chapter 6) and stable carbon isotope analysis 
(Chapter 8). Ideally the particle size of suspended sediment would also have been 
analysed (as in Turnbull, 2008). However, the typical suspended sediment yields 
were not great enough to allow for this additional analysis and the carbon 
concentration and isotopic signature results were deemed more critical to the 
objectives of this study.  
Total sediment yield 
All sediment from the gutters, flume and stock tank was collected and coarse organic 
material was removed via flotation (weighed and added to OM yield). Sediment was 
then placed in furnaced aluminium baking trays and oven dried at 60°C until a 
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constant mass, sediment was then weighed. Suspended sediment yields from the 
weighed autosampler bottles were also added to the total sediment mass. The 
sediment was then riffled to produce representative samples for further analysis with 
sediment for particle size and organic matter stored in airtight zip lock bags and 
sediment for carbon and biogeochemical analysis stored in furnaced glass vials. 
Particle size analysis of eroded sediment 
As with characterisation soil samples, riffled sub-samples were dry sieved using an 
automated shaker to 12 mm, 2 mm 0.5 mm, 0.25 mm and 0.0625 mm. Coarse 
organic matter was removed using tweezers (weighed and added to OM yield). A 
rifled sub-sample of the < 0.5 mm fraction was treated in concentrated H2O2 to 
remove organic matter, and analysed on a laser particle-size analyser to determine 
the contribution of silt and clay. Particle class sizes were determined as >12 mm = 
coarse pebbles, > 2 mm = fine pebbles, > 0.5 mm = coarse sand, >0.25 mm = 
medium sand, > 0.0625 mm = fine sand, >0.003906 mm = silt and < 0.003906 mm = 
clay. 
Enrichment ratios were calculated for individual classes using the formula below: 
,  -.//-0	                               (Equation 4.3) 
Where: E= the enrichment ration, Prunoff=percentage of given size class in eroded sediment, 
Psoil=percentage of given size class in surface soil.  
The Psoil value for each class was calculated using weighted averages so as to take 
into account variations in PSD for soil under different vegetation covers. With a value 
of 1 indicating no change, a value greater than 1 indicating enrichment and a value 
less than 1 indicating depletion (for each particular class of eroded sediment, relative 
to the source surface soil). 
Organic matter content of eroded sediment 
The organic matter content of the <2 mm fraction of eroded sediment was 
determined by loss on ignition (LOI). The soil samples were pre weighed into clay 
crucibles, heated at 425 °C for 16 hours to remove all organic matter, allowed to cool 
and reweighed. 
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Total carbon content of eroded sediment 
A rifled <2 mm sub sample of sediment from each eroded event was finely ground 
using a pestle and mortar, then weighed into tin capsules prior to analysis on a Carlo 
Erba NA2000 analyser (CE Instruments, Wigan, UK) to determine TC concentrations 
(mg g-1). Additionally, for rainfall-runoff events which triggered the autosampler, dried 
suspended sediment samples were analysed for TC using the same method to 
investigate changes throughout the hydrograph. 
Organic carbon content of eroded sediment 
As with SOC measurements, Inorganic carbon was first removed from the sediments 
by acid washing (5 g in 2M HCL) for a week and then triple washing in deionised 
water prior to analysis. Following acid washing the same protocol was followed as 
was used to determine TC. Additionally, for rainfall-runoff events which triggered the 
autosampler, dried suspended sediment samples were analysed for OC using the 
same method to investigate changes throughout the hydrograph. 
Inorganic carbon content of eroded sediment 
Inorganic carbon concentrations were determined from the difference between acid 
washed and non-acid washed samples analysed using a Carlo Erba NA2000 
analyser (CE Instruments, Wigan, UK) 
Carbon enrichment ratios are investigated using an equation similar to that used for 
PSD: 
,1  23456378295:                      (Equation 4.4) 
Where EOC is the enrichment ratio of eroded C, (Csediment) is the OC level mg g
-1 of eroded sediment 
and OCsoil is the weighted mean C level for each site. An enrichment ratio of 1 indicates no change, 
less than 1 indicates depletion and greater than 1 indicates enrichment (of C levels in eroded 
sediment relative to surface soil). 
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Dissolved carbon in runoff samples 
Before evaporation of water from 1 L auto-sampler bottles, a small subsample was 
taken (30 ml) for analysis of dissolved carbon concentrations in water throughout 
runoff events. These samples were then filtered using 0.2 µm membranes (rather 
than 0.45 µm as these have been shown to fail in removing all particulate material 
Turnbull, 2008). Subsamples were put on ice for transportation to the laboratory, 
then refrigerated and kept away from light until analysis. 
Samples were analysed for dissolved carbon (DC = total dissolved carbon, DIC = 
dissolved inorganic carbon, DOC = dissolved organic carbon) using a Skalar 
Formacs CA14 TOC Analyser coupled with a Parker Balston Model TOC-625 Gas 
Generator.  
Event data analysis 
Event characteristics 
Following downloading of the event report, rainfall was converted into mm hr-1 and 
flow depth was converted into discharge (l min-1) using the ratings equations scaled 
against the measured stock tank discharge as detailed in section 4.4.1. These 
rainfall and runoff datasets, both on a 1 minute interval were used to construct event 
hydrographs and also event summary statistics which allowed for comparisons to be 
made for the hydrological response of the different study sites. Rain characteristics 
were examined in terms of total event rain and also rainfall intensity (maximum and 
maximum in a 5 minute period). Runoff characteristics were examined via the total 
event discharge, the maximum rate of discharge and the runoff coefficient which is 
the ratio of rainfall to runoff. 
Statistical analysis 
To establish if mean rainfall-runoff characteristics were significantly different between 
the monitored study sites an independent two tailed heteroscedastic t-test was used. 
This test assumes unequal variance between samples. All analysis was carried out 
using SPSS v16 (SPSS Inc, Chicago IL, USA) at the 95% confidence level and 
presented with the applicable t critical value and test significance level (t=test result, 
tcrit =t critical value, p<0.05). To investigate relationships between compound 
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concentrations and monitored rainfall-runoff event characteristics, linear regression 
was used. Linear regression relationships between independent and dependent 
rainfall-runoff and associated flux variates was also carried out using SPSS v16, 
regression results were summarised in results tables within Chapter 6, by presenting 
the linear relationship equation,  R2 values and test significance levels.  
4.5. Methodology for Chapter 7 (Connectivity)  
An edited version of Chapter 7 is published with Earth Surface Processes and 
Landforms (Puttock et al., 2013). 
Chapter 7 builds upon the results of Chapter 5 and 6 examining whether observed 
patterns in structure can be used to explain the functional response of the study site, 
this addresses Research Objective 3: Compare and contrast ecosystem structure 
and function over both the dominant grass to woody transitions occurring within the 
SNWR. Chapter 7, tests the following null hypotheses:  
1) H0 Over the study sites there is no difference in the mean length of flow pathways 
2) H0 Mean flow path length shows no significant relationship with patterns of fluvial 
fluxes observed over the two grass-woody transitions. 
Experimental Design and Data Collection  
The experimental design for Chapter 7 utilised sections of the data collection from 
Chapters 5 and 6. Relevant methods are summarised within this section, whilst 
being covered in more detail within method sections 4.3 and 4.4. Four study sites 
were set up over grassland-to-shrubland and grassland-to-woodland ecotones at the 
SNWR (Figure 1). Sites were chosen to represent the two ecotones encompassing 
‘pristine’ grassland and encroaching woody vegetation. Each study site consisted of 
a 300 m2 bound and instrumented rainfall-runoff site (Turnbull et al. 2010a), within 
which rainfall-runoff event characteristics were monitored using a combination of a 
tipping-bucket rain gauge and an instrumented super-critical flume. Additionally, all 
eroded sediment from monitored runoff generating events (between 8 and 11 per 
site, collected during the 2010 and 2011 monsoon season) was collected for 
analysis. Sediment samples were prepared for analysis by initial removal of coarse 
organic matter using flotation and oven drying at 60⁰C to a constant weight. The 
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samples were analysed for particle size before sieving (<2 mm) and grinding to a fine 
powder for analysis of organic matter and carbon content. Sediment samples were 
washed in 2M HCL to remove carbonates, before organic carbon (OC) 
concentrations were determined using a Carlo Erba NA2000 analyser (CE 
Instruments, Wigan, UK). 
Vegetation cover 
The spatial coverage and pattern of vegetation cover at each site was classified 
using close range aerial photos taken during August 2010. These photos were 
collected using an Olympus Mju, 8 megapixel digital camera suspended on a cable, 
5 m above the sites; this allowed multiple images (over 100 per site) to be taken via 
remote control and in conjunction with georeferenced ground control points, 
mosaiced to form a high resolution composite site image. Images were compiled 
using Erdas Imagine 2011 image processing software then imported into Esri Arc 
View (v 9.3.1) and classified using manual digitisation. Images were classified into 
three classes: bare ground, woody vegetation cover and grass vegetation cover. 
Topographic data 
Site topographic data were collected at two resolutions and the applicability of both 
datasets is assessed within this paper. Fine resolution data were collected at the 
sites in the Rio Grande basin (Turnbull 2008), using a Leica TPS1200 total station, 
on a grid resolution of 0.5m, allowing a detailed DEM to be created, representing 
both overall slope and micro-topography. A coarser resolution DEM was also 
collected for each site using a Trimble SPS361 Differential GPS and this data were 
used to create an additional slope DEM also for use in this study.  
Quantification of Flow Path Length 
The approach to quantify hydrological connectivity via mean flow path length (MFPL) 
was based upon a combination of topographic data and digitised vegetation layers 
which act as weighting layers. All analysis was carried out in Esri Arc View (v 9.3.1). 
The approach is summarised in Figure 4.12 and included the following stages: 
1. x,y,z topographical data from site surveying was imported and transformed 
into a digital elevation model, from which a flow direction raster layer could be 
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constructed. The flow direction raster creates a raster of flow direction from 
each cell to its steepest down slope neighbour, using a 9-directional flow 
routing algorithm (webhelp.esri.com 2008). 
2. The digitised vegetation cover layer was reclassified so that bare areas had a 
value of 0, grass areas had a value of 2 and woody areas had a value of 3. 
This layer represents bare areas as sources of overland flow and vegetated 
areas as sinks. 
3. A flow path length raster layer was then created using the flow direction raster 
as the main input and the corresponding reclassified vegetation layer as the 
weighting layer. This was created via the flow length tool in the Arc View 
spatial analyst toolkit (webhelp.esri.com 2008). This tool takes the results of 
the 9-directional flow routing raster layer combined with the weighting layer 
which classified vegetation cover as sinks therefore causing a flow pathway to 
cease when meeting an area of the site classified as vegetated. 
4. This process was repeated for all study sites and then flow path length 
statistics (mean flow path length and standard deviation in flow path length) 
were extracted to allow for the inter-site comparison of flow length. 
Statistical analysis 
Geospatial analysis using semi-variograms. Semi-variogram analysis allows for 
investigation into the spatial dependence of variables and the range at which they 
are autocorrelated (Turnbull 2008). It was used herein to investigate the spatial 
dependence of vegetation cover and flow lengths over the study sites dominated by 
different vegetation cover. The analysis involved the modelling of semi-variograms, 
from experimental variograms using the Gaussian model. Interpretation of semi-
variogram results used the criteria proposed for geostatistical analysis by 
Cambardella et al (1994). These criteria allow for the simple classification of the 
degree of spatial dependence of the ecosystem properties investigated based upon 
the nugget/sill ratio, with a value of less than 0.25 indicating a strong degree of 
spatial dependence, 0.25-0.75 indicating a moderate degree of spatial dependence 
and a value greater than 0.75 indicating a weak degree of spatial dependence 
(Cambardella et al. 1994).  
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4.6. Methodology for Chapter 8 (Stable carbon isotope analysis) 
An edited version of Chapter 8 is published in Rapid Communications in Mass 
Spectrometry (Puttock et al., 2012). 
Chapter 8 explores the use of bulk δ13C values to understand the source of eroded 
sediment and SOC by analysing the dominant input vegetation, surface sediments 
and eroded sediments across the two contrasting grass-woody vegetation 
transitions. 
Chapter 8 addresses Research Objective 4: Derive and use biogeochemical tracing 
techniques to further our understanding of the effect of vegetation cover on fluvial 
sediment and organic carbon fluxes. This analysis will assume the overall null 
hypothesis: 
H0: Bulk stable carbon isotope values of soils and eroded sediment from study sites 
with different vegetation cover show no significant difference.  
Experimental design, sampling and preparation 
Sample collection for Chapter 8 utilised sections of the methodology from Chapters 5 
and 6. Relevant methods are summarised within this section, whilst being covered in 
more detail within methods section 4.3 and 4.4. Four study sites were set up over 
grassland-to-shrubland and grassland-to-woodland ecotones at the SNWR. Sites 
were designed to represent the ecotones encompassing ‘pristine’ grassland and 
encroaching woody vegetation. In June 2010, representative leaf samples (n=10) 
were collected from creosote (L. tridentata), piñon (P. Edulis), juniper (J. 
monosperma), black grama (B. Eriopoda) and blue grama (B. gracilis) using a 
randomised quadrat sampling strategy at each site. Black and blue grama samples 
were combined and are referred to as grama sp. (Bouteloua sp). Surface sediment 
samples were taken with a trowel from the top 2.5 cm of the soil profile. The location 
of the samples was prescribed using a nested geostatistical sampling grid, to 
account for spatial variation in soil properties, according to the method described in 
Section 4.3. All eroded sediment from each (between 8 and 11 events dependent on 
site) high intensity summer rainfall-runoff events was collected via purpose-built 
bound 300 m2 runoff plots. Samples were frozen immediately after sampling and 
stored at -20°C prior to preparation for analysis.  
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Sediment samples were prepared for analysis by initial removal of coarse organic 
matter using floatation, oven drying at 60°C to a constant weight, sieving (2 mm) and 
grinding to a fine powder. Inorganic carbon was removed from the sediments by acid 
washing (5 g; 2M HCL) prior to analysis. Leaf samples were dried at 60°C to a 
constant weight and finely ground. Sub-samples of soil, sediments and leaves were 
weighed into tin capsules for analysis of bulk δ13C values. 
Instrumentation 
Vegetation and sediment samples were analysed for bulk δ13C using a Carlo Erba 
NA2000 analyser (CE Instruments, Wigan, UK) interfaced to a SerCon 20-22 isotope 
ratio mass spectrometer (SerCon Ltd, Crewe, UK) at Rothamsted Research- North 
Wyke. Wheat flour (N=1.91 %, C =41.81 %, 15N = 4.8 ‰ and 13C= -26.4 ‰) 
calibrated against IAEA-N-1 by Iso-Analytical, Crewe, UK was used as a reference 
standard. The analytical precision of the δ13C measurements was <0.1 ‰ and 
duplicates of all samples were run. The δ13C values were expressed relative to 
VPDB: 
13C !‰#  <=>? %
ABCDEFGHIJ <=>?  %ABCKLMN
<=>? %ABCKLMN
  O 1000                                (Equation 4.5) 
Mass balance calculation 
The proportion of organic carbon in soil and eroded sediment derived from C4 grass 
sources was estimated using a mass balance equation (Boutton et al., 1998). 
%R   S2JSBSTJSB O 100                                                                            (Equation 4.6) 
Where, δs =sample δ
13C (‰); δ3 = C3 vegetation δ
13C (‰); δ4 = C4 vegetation δ
13C (‰). 
Statistical analysis  
To establish the variance between mean bulk δ13C values for different vegetation 
species in addition to surface and eroded sediment from different study sites (and 
corresponding mean % C4 values from Equation 4.6) an independent two tailed 
heteroscedastic t-test was used. This test assumes unequal variance between 
samples. All analysis was carried out using SPSS v16 (SPSS Inc, Chicago IL, USA) 
 
  4. Experimental Framework and Methods 
102 
 
at the 95% confidence level and presented with the applicable t critical value and test 
significance level (t=test result, tcrit =t critical value, p<0.05).  
 
4.7. Methodology for Chapter 9 (Biogeochemical compound analysis) 
Results Chapter 9 uses biogeochemical analysis to derive biogeochemical 
signatures that can be used to fingerprint the source of organic matter and carbon, 
and trace the movement of carbon through the environment. Chapter 9 uses both 
Gas Chromatography Mass Spectrometry (GC/MS) and Gas Chromatography (GC) 
to analyse the concentration of different compounds in vegetation and soil samples. 
As with Chapter 8, this analysis will address Research Objective 4: Derive and use 
biogeochemical tracing techniques, to further our understanding of the effect of 
vegetation cover on fluvial sediment, organic matter and carbon fluxes. This analysis 
assumes the overall null hypothesises: 
1) H0: n-alkane signatures of vegetation show no significant difference between the 
key input vegetation species. 
2) H0: n-alkane patterns in surface soil show no significant differences between the 
grass and woody study sites, nor do the n-alkane patterns in fluvially eroded 
sediment.  
3) H0: n-alkane signatures of eroded sediment show no variation with rainfall-runoff 
event characteristics 
Experimental design, sampling and preparation 
As with sample collection in Chapter 8, four study sites were set up over grassland-
to-shrubland and grassland-to-woodland ecotones at the SNWR. These sites 
(Section 4.2) are designed to represent the ecotones encompassing ‘pristine’ 
grassland and encroaching woody vegetation. In June 2010, representative leaf 
samples (n=10) were collected from vegetation using a randomised quadrat 
sampling strategy at each site. Vegetation samples were collected and stored within 
furnaced aluminium foil inside airtight bags to prevent contamination. Surface 
sediment samples were taken with a sterilised trowel from the top 2.5 cm of the soil 
profile. The location of the samples was prescribed using a nested geostatistical 
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sampling grid, to account for spatial variation in soil properties, according to the 
method described in Section 4.3. All eroded sediment from each (between 8 and 11 
events dependent on site) high intensity summer rainfall-runoff events was collected 
via purpose-built bound 300 m2 runoff plots. Samples were frozen immediately after 
sampling and stored at -20°C prior to preparation for analysis.  
Sediment samples were prepared for analysis by initial removal of coarse organic 
matter using floatation, oven drying at 60°C to a constant weight, sieving (2 mm) and 
grinding to a fine powder. Inorganic carbon was removed from the sediments by acid 
washing (5 g; 2M HCL) prior to analysis. Leaf samples were dried at 60°C to a 
constant weight and finely ground. Sub-samples of soil, sediments and leaves were 
weighed into furnaced glass vials prior to total lipid extraction and gas 
chromatography analysis. 
Gas Chromatography and Gas Chromatography Mass Spectrometry analysis 
GC and GC/MS analysis overview 
Before chromatography analysis, total lipid extraction (TLE) was carried out on 
vegetation and soil samples, followed by lipid fractionation to extract the hydrocarbon 
fraction for n-alkane analysis. This method adopted from the Rothamsted classical 
experiments (Van Bergen et al., 1998) involved: (1) Soxhlet extraction of sample (1 g 
vegetation, 10 g soil) for 24 hours using a DCM:Acetone (9:1) solvent plus the 
addition of 100µl 1 µg µl-1 Tetratriacontane (98% Acros Organics) internal standard 
solution (2) Evaporation of solvent following extraction and re-suspension in 
DCM:MEOH (2:1), (3) fractionation of extracted lipids on silica gel columns with 
hexane as the eluent.  
Initial analysis was carried out to allow n-alkane identification and quantification 
using GCMS (Agilent 6890 gas chromatograph with an Agilent 19091A-002 column 
coupled with an Agilent 5973 mass spectrometer operated with ionization energy of 
70 eV, scanning over a mass range of m/z 30 to 550 with a cycle time of 2 s.). 
GCMS analysis allowed positive structural identification of individual n-alkanes via 
their mass and the chromatogram. However, this analysis illustrated that due to the 
well documented odd-over-even predominance of n-alkanes and their even spacing 
on the chromatogram, it was possible to identify n-alkanes with a high degree of 
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confidence from the chromatogram alone. Therefore, for further analysis all samples 
were analysed using a GC system alone. GC analysis was carried out using an 
Agilent 7890A gas chromatograph with an Agilent 1909J-413HP-5 Phenyl Methyl 
Siloxan column (30m x 320µm x 0.25µm). Initial oven temperature was 40°C with a 
20°C min-1 increase to 130°C, followed by a 4°C min-1 increase to 300°C and then 
held at 300°C for 10 min. The concentration of n-alkanes in samples was based 
upon comparison with internal standards. n-alkanes presented throughout as C 
followed by subscript number denoting chain length (Cnumber). 
 
Detailed TLE Procedure 
• Before use, all glassware washed and furnaced (at 450 ⁰C for 4 hours) 
• Only assembled and used in fume cupboard 
 
1. 250ml of DCM: acetone (9:1), 100µl N34 standard solution and a few extracted 
anti-bumping granules added to round bottomed flask, 
2. Finely ground sample (1g for vegetation, 10g for soil/sediment) measured into 
an extracted cellulose thimble. Plugged thimble loosely with extracted cotton 
wool. 
3. Thimble placed into labelled Soxhlet extractor. 
4. Put onto heating mantle, under fumehood for 24 hours. 
5. Turned off heating mantle and left to cool for 15 minutes. 
6. Cellulose thimble removed from Soxhlet and wrapped loosely in foil. Left 
under fumehood to dry. 
7. Rotavapour used to evaporate solvent from flask. 
8. Furnace splash head attached to Rotavapour. 
9. Flask containing extracted solvent attached to splash head. 
10. Temperature of water bath set to 40 ⁰C. 
11. Flask lowered into water bath and rota switched onto ¾ capacity. 
12. Flask removed from Rotavapour when all solvent has evaporated. 
13. Resuspend in a small quantity (<10ml) of DCM:MEOH (2:1). 
14. Poured into labelled and furnace 28 ml glass vial. 
15. Blown down at 40⁰C under N2 until all solvent removed. 
16. Sealed and stored in freezer until ready for fractionation. 
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Detailed Lipid Fractionation Procedure 
1. Sample resuspended in 2 ml hexane and sonicated for 30 minutes. 
2. Clean flash column filled with approximately 5 cm oven-dried silica gel. 
3. Flash column inserted into clamp stand, ensuring surface of silica gel can be 
seen. 
4. Flash column cleaned with 4 ml hexane and flushed through, being careful not 
to disturb the surface of the silica gel. 
5. 0.5ml of sample added to flash column, then 0.5 ml of hexane and blown 
down to concentrate sample on top of silica gel. 
6. A further 4ml of hexane added and blown down into a 7 ml furnaced and 
labelled glass vial. 
7.  Blown down under N2 until all hexane has evaporated then sealed and stored 
in freezer until ready for GC analysis. 
 
Detailed GC/MS and GC Procedure 
1. Sample re-suspended in 0.5ml of hexane. 
2. Pipette used to transfer into labelled GC vial. 
3. Vial placed in loading sample magazine. 
4. Ensure GC/MS or GC is fitted with hydrocarbon column and correct 
predetermined method loaded for hydrocarbon analysis.  
5. Hexane blanks and internal standards ran; to ensure column is clean and 
instrument running correctly. 
6. Sampling sequence created/loaded and destination results file specified, 
before beginning sample run.  
 
Post-laboratory data analysis  
 
The concentration of individual compounds was calculated from the GC or GC/MS 
output chromatogram using the known concentration of internal standard and the 
peak area of each compound: 
UVWUXYZ [VUXY\ !]^#  _` aUYabY\c\(UY !]^ ^J# O . -def -d                                (Equation 4.8) 
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(Equation 4.8) 
Where IS = internal standard and PA = chromatogram peak area 
Statistical analysis 
To establish the variance between compound concentrations for different vegetation 
species in addition to surface and eroded sediment from different study sites an 
independent two tailed heteroscedastic t-test was used. This test assumes unequal 
variance between samples. All analysis was carried out using SPSS v16 (SPSS Inc, 
Chicago IL, USA) at the 95% confidence level and presented with the applicable t 
critical value and test significance level (t= test result, tcrit =t critical value, p<0.05). To 
investigate relationships between compound concentrations and monitored rainfall-
runoff event characteristics, linear regression was used. Linear regression 
relationships between independent (event characteristics) and dependent 
(compound concentrations) were also carried out using SPSS v16. Regression 
results are summarised in results tables within Chapter 9, by presenting R2 values 
and test significance levels.  
4.8: Summary 
This chapter has provided an overview of the SNWR field site followed by a detailed 
account of the selection and construction of the study sites over two contrasting 
grass to woody vegetation transitions. The methodology for field based monitoring 
and sampling, in addition to subsequent data and laboratory analysis used for each 
results chapter were then outlined along with the identified research aims and 
objectives and hypothesis the methods addressed. The following results chapters 
will present and discuss the ensuing results in the context of the proposed null 
hypotheses.
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5. Differences in ecosystem structure over two grass to woody semi-arid 
vegetation transitions 
5.1 Introduction 
Previous research into vegetation transitions in semi-arid environments, has 
established that there is a change in both aboveground vegetation structure or 
pattern (Neave and Rayburg, 2006, Schlesinger et al., 1990, Abrahams et al., 2006) 
and belowground soil resources (Schlesinger and Pilmanis, 1998, Wainwright et al., 
2000, Asner et al., 2003a, Neff et al., 2009). This project builds upon previous work, 
comparing and contrasting two grass-to-woody transitions, which comprise the 
dominant transitions occurring at the SNWR and also occupy large swathes of the 
US-SW.  
Chapter 5 addresses Research Objective 1: To determine if ecosystem structure 
shows significant differences between the transition from grama grass to creosote 
shrub and grama grass to piñon-juniper woodland. The research addresses the 
following null hypothesis:  
H0: The monitored study sites under different vegetation types show no significant 
difference in vegetation cover, distribution and monitored soil properties. 
This chapter also addresses the ecosystem structure component of Research 
Objective 3: To compare and contrast ecosystem structure, function and connectivity 
over the transition from grama grass to creosote shrub and over the transition from 
grama grass to piñon-juniper woodland. The ecosystem structure component of 
Research Objective 3 addresses the following null hypothesis: 
H0: The transition from grass to creosote and grass to piñon-juniper, results in no 
significant difference in the spatial distribution of vegetation and monitored soil 
properties. 
5.2 Summary of methods (for full methodology see Chapter 4) 
Vegetation type, percentage cover and pattern are analysed using mosaiced aerial 
photos, as captured using the method described in section 4.3. Aerial photos were 
collected in both the 2010 and 2011 fieldwork season, although as pilot analysis 
showed no variation in cover percentage or pattern, only one set are presented 
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(taken in 2011). Following analysis of vegetation cover; soil structure and soil 
resources are analysed. Soil structural analysis focuses on particle size and bulk 
density, which play a key role in influencing hydrological functioning (Mayor et al., 
2009). Analysis of soil resources focuses on carbon and SOM, which is closely 
linked to SOC and is often used as a proxy for such. 
Pilot sampling showed that soil properties at the grass and creosote study sites at 
McKenzie flats in the Rio Grande Basin showed no significant deviation from those 
recently measured by Turnbull (2008). Therefore, it was deemed unnecessary to 
repeat these measurements and the summary statistics presented for; bulk density, 
soil organic matter and total carbon at the grama grass and creosote study sites in 
the basin are secondary data taken from Turnbull (2008). They are presented in this 
chapter to facilitate discussion and allow comparison with the Los Piños sites and 
other sampling results from the basin sites; both of which use an identical 
geostatistical sampling framework. 
All soil properties investigated in this chapter were collected using a nested 
geostatistical sampling strategy (Methods 4.3). Vegetation cover properties were 
also recorded at each sampling point to allow direct comparison with soil properties, 
whilst mosaiced close range aerial photos of each rainfall-runoff study site allowed 
for analysis of vegetation structure in direct relation to the fluxes discussed in 
Chapter 6. For each ecosystem property, descriptive statistics are presented and 
analysed, examining variation between and within each study site. Further analysis 
of the spatial structure of each property was enabled via the construction of semi-
variograms (Methods 4.3). To allow comparison with other studies and in particular 
continuity with the structural analysis carried out previously by Turnbull et al (2008) 
the criteria proposed for geostatistical analysis by Cambardella et al (1994) was 
used. The criteria used allowed for the simple classification of the degree of spatial 
dependence of the ecosystem properties investigated (Table 5.1). 
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Table 5.1 Nugget/sill criteria for analysis of spatial dependence and colour code (in on-line colour 
version) used throughout Chapter 5. 
Nugget/sill ratio Spatial dependence Colour code 
1) Less than 0.25 Strong  Green 
2) Between 0.25-0.75 Moderate  Yellow 
3) Greater than 0.75 Weak  Red 
 
Finally, following analysis of the spatial variation in individual ecosystem properties, 
the interrelationship between properties is addressed. Analysis focused on the 
relationship between vegetation properties over the vegetation transitions with soil 
physical characteristics and soil total carbon, organic carbon and organic matter 
resources. Analysis of ecosystem structure is essential not only to answer the 
questions posed by this chapter but also to provide a foundation upon which the 
analysis carried out in subsequent results chapters will be based. 
5.3. Results: Vegetation characteristics 
Vegetation cover characteristics for each study site were obtained from the analysis 
of mosaiced aerial photos (section 4.3). Additionally, vegetation cover at each point 
in the characterisation study sites was recorded to allow direct comparison with soil 
structure. Table 5.2 presents percentage of cover for each rainfall-runoff study site. 
Table 5.2 Study site surface cover, classified as Bare, Grass or Woody (Creosote or Piñon-juniper). 
Study site Surface Cover Class % Cover 
Grama Grass in Basin Bare 45.46 
 Grass 54.54 
Creosote in Basin Bare 79.35 
 Creosote 20.65 
Grama Grass at Los Piños Bare 39.50 
 Grass 60.50 
Piñon-juniper at Los Piños Bare 62.10 
 Grass 8.97 
  Piñon-juniper 28.93 
 
 
 
 
Figure 5.1
yellow represents bare ground, green is grass and brown is woody vegetation.
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Table 5.3 Geostatistical analysis of vegetation cover using semivariogram analysis. 
Study site Range (m) Nugget Variance 
Grama Grass in Basin 0.73 0.497m 
Creosote in Basin 0.93 0.233s 
Grama Grass at Los Piños 0.84 0.386m 
Piñon-juniper at Los Piños 3.54 0.15s 
smw = Level of spatial dependence s=strong, m=moderate, w=weak 
5.4. Soil characteristics 
5.4.1. Bulk density 
Table 5.4 Descriptive and geostatistical analysis of bulk density from each site. For each site values 
followed by the same letter are not significantly different whist values followed by a different letter are 
significantly different (p <0.05). 
Study site   Descriptive Statistics   Geostatistics     
  
Surface 
Cover n 
Mean  BD                
(g cm
-
³) ±SE 
CoV 
(%) 
Variogram 
Model 
Range 
(m) 
Nugget 
Variance 
Grama Grass in Basin Bare 44 1.23±0.01a 8 Gaussian 2.6 0.5m 
 
Grass 46 1.20±0.01a 8 
Creosote in Basin Bare 47 1.33±0.01a 5 Gaussian 4 0.5m 
 
Creosote 43 1.27±0.01b 6 
Grama Grass at Los 
Piños Bare 45 1.39±0.01a 6 Gaussian 2.81 0.49m 
 
Grass 45 1.35±0.02a 9 
Piñon-juniper at Los 
Piños Bare 46 1.39±0.00a 5 Gaussian 7.92 0.61m 
 
Grass 17 1.32±0.00a 6 
  
Piñon-
juniper 27 0.98±0.01b 17       
smw = Level of spatial dependence s=strong, m=moderate, w=weak 
Table 5.4 presents soil bulk density differentiated by surface cover for each 
characterisation study site. For all sites bulk density was higher in bare areas than it 
was under vegetated areas. As can be seen from Table 5.4 the extent of this 
difference between inter-patch and vegetated areas varied between the sites. Over 
the grass study sites, both in the basin and at Los Piños, the difference between 
bare and vegetated areas was not statistically significant (p >0.05), whilst in contrast 
for both the woody sites there was a significantly higher (p <0.05) bulk density in the 
bare/degraded areas. The greatest contrast between surface cover was exhibited at 
the piñon-juniper site. At the piñon-juniper site bulk density was also slightly higher in 
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the bare areas as opposed to grass, although this difference was not statistically 
significant (p >0.05). 
Table 5.5 weighted mean soil bulk density for each study site. Values followed by the same letter are 
not significantly different whist values followed by a different letter are significantly different (p <0.05). 
Study site Mean Weighted BD ± SE (g cm³) 
Grama Grass in Basin      1.21±0.01a 
Creosote in Basin      1.32±0.01b 
Grama Grass at Los Piños 1.37±0.01c 
Piñon-juniper at Los Piños      1.26±0.01d 
 
Sampling data were combined with the vegetation cover data from section 5.2 to 
create a weighted average of soil bulk density for each site. The weighted average 
for bulk density is presented in Table 5.5 illustrating that due to the low bulk density 
under the vegetated areas, the piñon-juniper site had the lowest overall mean value. 
As shown in Table 5.4 bulk density across all characterisation sites exhibited a 
moderate degree of spatial dependence. However, the range at which bulk density 
was autocorrelated varies between sites. Both grass sites showed similar ranges of 
2.6 m in the basin and 2.8m at Los Piños, the creosote site showed a greater range 
of 4 m, whilst the piñon-juniper site showed the greatest range at 7.92. 
5.4.2. Particle size 
Analysis of particle size at each site was carried out using a combination of coarse 
and detailed analysis. All 90 samples at each study site were coarsely analysed for 
the percentage of pebbles, which as discussed in section (Methods 4.3) are defined 
as a particle size of >2mm. The proportion of pebble coverage is particularly 
important for stone pavement formation and the resulting implication this has for 
rainfall-runoff coefficients and fluxes resulting from erosion (Parsons et al., 1991). 
More detailed analysis was carried out at the 36 broad scale sampling points for 
each study site. As illustrated in Table 5.6 this separated particle size into: coarse 
pebbles, fine pebbles, coarse sand, medium sand, fine sand, silt and clay (Methods 
4.3). Semivariogram analysis was carried out for the >2mm pebble proportion for all 
90 points at each site to describe the spatial variability of stone pavement distribution 
rather than the full spectrum of particle size analysis. 
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Table 5.6 Descriptive and geostatistical analysis of soil particle size analysis content from 
characterisation sites (n= 36). For each site values followed by the same letter are not significantly 
different whist values followed by a different letter are significantly different (p<0.05). Class 
distinctions are: Soil >12 mm = coarse pebbles, > 2 mm = fine pebbles, > 0.5 mm (and less than 2 
mm) = coarse sand, >0.25 mm (and less than 0.5 mm) = medium sand, > 0.0625 mm (and less than 
0.25 mm) = fine sand, >0.003906 mm (and less than 0.0625 mm) = silt and < 0.003906 = clay. Mean 
values are based on detailed analysis of 36 broad scale sampling points whilst, geostatistical analysis 
is based on the >2mm proportion for all 90 sampling points at each site. 
 
Descriptive 
Statistics     % per size class (mm)         Geostatistics 
Study site 
Surface 
Cover >12 >2 >0.5 >0.25 >0.0625 >0.003906 <0.003906 
Variogram 
Model 
Range 
(m) 
Nugget 
Variance 
Grama Grass in 
Basin 
Bare 9.4a 15.9a 7.9a 2.4a 39.9a 21.8a 2.7a Gaussian   1w 
 Grass 3.1b 13.1a 7.9a 3.1a 47.4b 23.5a 2.0a    
Creosote in Basin Bare 11.9a 20.8a 11.2a 2.1a 33.0a 18.3a 2.6a Gaussian 2 0.32m 
 Creosote 2.0b 11.4b 13.1a 3.3a 45.5b 22.6b 2.2a    
Grama Grass at 
Los Piños 
Bare 13.5a 25.4a 14.7a 6.8a 24.7a 12.3a 2.6a Gaussian  0.94w 
 Grass 12.9a 25.9a 14.6a 6.0a 25.1a 12.8a 2.9a    
Piñon-juniper at 
Los Piños 
Bare 9.5a 31.1a 17.4a 8.7a 23.6a 7.6a 2.4a Gaussian 2.96 0.49m 
 Grass 7.5a 31.1a 16.8a 9.7a 24.5a 6.9a 3.1a    
  Piñon-
juniper 
4.0b 23.7b 20.1a 10.2a 30.1b 9.3a 2.7a       
smw = Level of spatial dependence s=strong, m=moderate, w=weak 
Table 5.6 presents the results of soil particle size analysis and geostatistical analysis 
of the >2 mm pebble fraction. At the grass site in the basin, bare areas showed a 
higher proportion of pebbles, although this was only significantly greater (p <0.05) for 
the >12 mm coarse pebble fraction. Otherwise there was no significant difference in 
particle size; with the exception of the >0.0625 fine sand section, which was 
significantly higher under grass cover than bare ground. At the creosote site there 
was a greater distinction between bare and vegetated areas with a significantly (p 
<0.05) greater fraction of both coarse and fine pebbles in bare areas. In contrast 
creosote areas showed a significantly (p <0.05) greater proportion of fine sand and 
silt. For the grama grass study site at Los Piños site no particle size class showed 
significant contrasts between bare and grass areas. Finally, at the piñon-juniper site, 
there were no significant differences between the grass and bare areas, but the 
piñon-juniper areas showed significantly less of the pebble fractions and significantly 
more fine sand. 
Table 5.6 also illustrates that there was a substantial difference in particle size 
distribution, between the sites in the basin and Los Piños. In contrast to the basin 
sites, the Los Piños sites contained an overall greater proportion of fine pebbles and 
coarse sand and significantly less of the silt fraction. Geostatistical analysis of the 
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>2mm pebble fraction showed a clear contrast between grass and woody study 
sites. Both woody study sites showed a moderate degree of spatial dependence, 
whilst both grass sites showed a weak or arguably no degree of spatial of spatial 
dependence. Semivariogram analysis failed to find a range at which the pebble 
fraction was auto correlated. In contrast, the highest degree of spatial dependence 
was found at the creosote site, although with a range of 2 m this was greater than 
the range of autocorrelation for vegetation. At the piñon-juniper site the pebble 
fraction showed autocorrelation at a range of 2.96 m which was closer to the range 
of autocorrelation for vegetation at the site. 
To allow investigation into whether there was an overall coarsening or difference in 
stone pavement cover between, grass and woody sites, in addition to providing a 
value for possible upscaling, weighted averages were calculated by combining the 
proportion of >2mm pebbles with the percentage of vegetation at each site. These 
results are provided in Table 5.7 and illustrate that for corresponding grass and 
woody sites there was an overall higher proportion of pebbles at the woody sites. 
There was however, a difference between the sites in the basin and at Los Piños. In 
the basin there was a significant (p<0.05) increase in the proportion of pebbles at the 
creosote site, whilst in contrast at the Los Piños sites the increase in proportion of 
pebbles at the piñon-juniper site was only marginal.  
Table 5.7 Weighted % proportion of >2 mm particle size at each study site. Values followed by the 
same letter are not significantly different whist values followed by a different letter are significantly 
different (p <0.05). 
Study site Weighted % >2 mm particle size ± SE 
Grama Grass in Basin 20.30±1.51a 
Creosote in Basin 29.90±1.83b 
Grama Grass at Los Piños 38.80±1.09c 
Piñon-juniper at Los Piños 40.00±1.17c 
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5.4.3 Soil organic matter 
As illustrated in Table 5.8, soil organic matter (SOM) content across all sites was 
higher under vegetation cover than bare ground. At grass sites in both the basin and 
at Los Piños, whilst SOM content was higher under grass, this difference was not 
significant (p >0.05), this was also the case for bare and grass cover in the inter-
patch areas at the piñon-juniper study site. In contrast at both the creosote and 
piñon-juniper dominated sites, SOM was significantly (p <0.05) higher under woody 
vegetation cover, with the highest value being under piñon-juniper cover with a mean 
value of 86.73±0.80 mg cm³. In addition, at both the grass sites the covariance of 
SOM varied little between soil under grass and bare cover, whilst in contrast on both 
the woody sites the covariance was much greater for SOM under woody vegetation 
cover than it was under the bare or bare/grass areas, with the greatest a covariance 
of 53% under creosote. Covariance illustrates that whilst for the purposes of this 
analysis cover was classified into simplified classes they were by no means 
homogeneous. As the covariance suggests this was particularly the case with woody 
vegetation. 
Table 5.8 Descriptive and geostatistical analysis of soil organic matter content from each study site. 
For site values followed by the same letter are not significantly different whist values followed by a 
different letter are significantly different (p <0.05). 
    Descriptive Statistics   Geostatistics   
Study site 
Surface 
Cover n 
Mean SOM (mg 
cm³) ±SE 
CoV 
(%) 
Variogram 
Model 
Range 
(m) 
Nugget 
Variance 
Grama Grass in 
Basin 
Bare 4
4 
19.41±0.92a 31 Gaussian  1w 
 Grass 4
6 
21.12±0.92a 30    
Creosote in Basin Bare 4
7 
20.40±0.39a 13 Gaussian 4 0.5m 
 Creosote 4
3 
31.00±2.53b 53    
Grama Grass at Los 
Piños 
Bare 4
5 
51.61±1.16a 15 Gaussian 3.09 0.67m 
 Grass 4
5 
53.35±1.25a 16    
Piñon-juniper at Los 
Piños 
Bare 4
6 
54.62±0.22a 19 Gaussian 4.02 0.5m 
 Grass 1
7 
57.66±0.48a 14    
  Piñon-
juniper 
2
7 
86.73±0.80b 25       
smw = Level of spatial dependence s=strong, m=moderate, w=weak 
Weighted averages were calculated to allow for inter-site comparison and upscaling, 
these average values weighted by percentage vegetation cover are presented in 
Table 5.9 which shows that both woody sites had an overall higher mean SOM than 
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their comparative grass sites. The difference was much greater for the piñon-juniper 
site compared to its partner grass site at Los Piños, compared to the creosote and 
grass sites in basin for which the difference is marginal. From Table 5.9 it is also 
clear that the soils at the Los Piños sites had overall higher soil organic matter 
content than those at the sites in the Rio Grande basin. 
Table 5.9 weighted mean soil organic matter for each site. Values followed by the same letter are not 
significantly different whist values followed by a different letter are significantly different (p <0.05). 
 
Study site Mean Weighted SOM ± SE (mg cm
-3
) 
Grama Grass in Basin 20.34±0.92a 
Creosote in Basin 22.59±1.40a 
Grama Grass at Los Piños 52.67±2.11b 
Piñon-juniper at Los Piños 64.18±0.44c 
 
It is again important to note that averaged values such as those in Table 5.9 should 
be used with caution as they disguise what is perhaps the most significant structural 
difference between the grass and woody study sites; the variation in pattern of the 
cover and resource distribution. The descriptive statistics in Table 5.8 illustrate that 
SOM content in woody sites was more heterogeneous than in the grass sites where 
there was no significant difference between SOM under bare and grass areas. The 
grass site in the basin, showed no autocorrelation at the scale being monitored 
reflecting the homogeneous distribution of SOM throughout the site. The grass site 
at Los Piños showed spatial dependence at the upper end of the moderate bracket 
(Nugget variance 0.67) with spatial autocorrelation at a range of just over 3 m. Both 
the woody sites also show moderate degrees of spatial dependence in SOM (Nugget 
variance 0.5), with the 4 m range of autocorrelation at the creosote study site being 
much greater than the range at which vegetation cover was autocorrelated (0.93 m). 
Spatial autocorrelation of SOM at the piñon-juniper site also had a range of just over 
4 m, but that was much closer to the range at which vegetation coverage was 
autocorrelated at the piñon-juniper site (3.54 m).  
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5.4.4. Carbon  
Total carbon levels (TC) for all sites were higher under vegetated, compared to bare 
surface cover (Table 5.10). At both the grass sites, whilst higher under grass cover, 
there was no significant difference (p >0.05) when compared to bare cover, this was 
also the case for the grass and bare cover at the piñon-juniper dominated study site. 
At both woody dominated sites, TC was significantly higher under woody vegetation 
cover (p <0.05) with the highest being 26.19±0.24 mg cm-3 under piñon-juniper 
vegetation cover. As with mean SOM values, the covariance between bare and 
grass cover across both grass sites showed little variation; whist in contrast across 
both woody study sites the covariance was much higher under woody cover, with 
creosote showing the greatest covariance in TC at 36 %. 
Table 5.10 Descriptive and geostatistical analysis of total carbon from each site. For each study site 
values followed by the same letter are not significantly different whist values followed by a different 
letter are significantly different (p<0.05). 
    Descriptive Statistics   Geostatistics     
Study site 
Surface 
Cover n 
Mean TC (mg cm
-
³) 
±SE 
CoV 
(%) 
Variogram 
Model Range(m) Nugget Variance 
Grama Grass in Basin Bare 44 9.33±0.36a 26 Gaussian 3 0.28m 
 Grass 46 10.40±0.43a 28    
Creosote in Basin Bare 47 14.47±0.31a 15 Gaussian 0.8 0.45m 
 Creosote 43 22.83±1.27b 36    
Grama Grass at Los 
Piños 
Bare 45 14.88±0.26a 12 Gaussian 3 0.71m 
 Grass 45 16.51±0.21a 8    
Piñon-juniper at Los 
Piños 
Bare 46 14.71±0.05a 15 Gaussian 4 0.48m 
 Grass 17 16.13±0.14a 15    
  Piñon-
juniper 
27 26.19±0.24 25       
smw = Level of spatial dependence s=strong, m=moderate, w=weak 
From combining the mean TC values with vegetation cover to form a weighted 
average for each site (Table 5.11) it can be seen that TC levels were on average 
highest at the woody sites, with the highest of 18.16 mg cm-3 and TC levels at woody 
sites being significantly (p <0.05) higher than their comparative grass sites. The 
grass site at the Los Piños site also exhibited significantly higher (p <0.05) TC levels 
than the grass site in the basin, but not to the same magnitude of disparity that was 
witnessed for SOM, between the basin and Los Piños sites. 
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Table 5.11 weighted mean total carbon for each study site. Values followed by the same letter are not 
significantly different whist values followed by a different letter are significantly different (p <0.05). 
Study site Mean Weighted TC ± SE (mg cm
-3
) 
Grama Grass in Basin 9.91±0.38a 
Creosote in Basin 16.20±0.29b 
Grama Grass at Los Piños 15.87±0.23b 
Piñon-juniper at Los Piños 18.16±0.12c 
 
All sites show a moderate degree of spatial dependence in TC levels, although 
surprisingly the strongest degree was exhibited at the grass site in the basin. Both 
grass sites showed autocorrelation over a range of 3 m, which was far greater than 
the range at which vegetation cover was autocorrelated. At the creosote site TC 
showed a range of 0.8 m to be compared with 0.93 m for vegetation cover; whilst at 
the piñon-juniper study site TC showed a range of 4 m to be compared with a range 
of 3.54 m for vegetation cover. 
Soil organic carbon  
Table 5.12 Descriptive and geostatistical analysis of soil organic carbon from each site. For each 
study site values followed by the same letter are not significantly different whist values followed by a 
different letter are significantly different (p <0.05). 
    Descriptive Statistics   Geostatistics     
Study site 
Surface 
Cover N 
Mean SOC (mg 
cm
-
³) ±SE 
CoV 
(%) 
Variogram 
Model 
Range 
(m) 
Nugget 
Variance 
Grama Grass in Basin Bare 44 2.69±0.06a 16 Gaussian 1.25 0.65m 
Grass 46 3.40±0.07a 14 
Creosote in Basin Bare 47 2.42±0.15a 43 Gaussian 0.86 0.34m 
Creosote 43 5.69±0.13b 15 
Grama Grass at Los 
Piños Bare 45 12.13±0.34a 19 Gaussian 2 0.52m 
Grass 45 12.34±0.26a 14 
Piñon-juniper at Los 
Piños Bare 46 12.91±0.05a 17 Gaussian 4.6 0.29m 
Grass 17 14.17±0.13a 16 
  
Piñon-
juniper 27 21.42±0.24b 30       
smw = Level of spatial dependence s=strong, m=moderate, w=weak 
Analysis of the SOC content of soil at the sites is presented in Table 5.12. At all sites 
SOC was higher under vegetated compared to bare areas. However, as with the 
other soil properties analysed there was no significant difference (p>0.05) between 
SOC under bare and grass cover at the same study site. In contrast at both the 
creosote and piñon-juniper sites, SOC was significantly higher (p<0.05) under areas 
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of woody vegetation, with the highest level of SOC (21.42±0.24 mg cm-3) at the 
piñon-juniper site.  Covariance values showed variation between the woody and 
inter-woody areas. At the piñon-juniper site, woody areas exhibited a much greater 
covariance than the surrounding areas, as was the case with previously examined 
soil properties, in contrast however at the creosote site covariance was much greater 
for SOC in the bare inter-woody areas.  
Table 5.13 presents weighted averages for SOC across the sites. Results showed 
that overall SOC levels were higher at the woody sites than their grass comparison 
sites. At the grass and creosote study sites in the basin, there was no significant 
difference (p >0.05) between the weighted SOC, with both sites having a mean of 
just over 3 mg cm-3; at the Los Piños sites, the piñon-juniper site had significantly 
higher SOC (p<0.05) than the grass site and also the highest weighted mean at 
15.48 mg cm-3 although whilst significant this was not far greater than the value of 
12.26 mg cm-3 for the grass site at Los Piños.  
Table 5.13 Weighted mean soil organic carbon for each site. Values followed by the same letter are 
not significantly different whist values followed by a different letter are significantly different (p <0.05). 
Study site Mean Weighted SOC ± SE (mg cm
-3
) 
Grama Grass in Basin 3.08±0.06a 
Creosote in Basin 3.10±0.13a 
Grama Grass at Los Piños 12.26±0.16b 
Piñon-juniper at Los Piños 15.48±0.30c 
 
The weighted mean values indicated that, at the scale being studied, there was not a 
major difference in SOC levels between grassland and creosote shrubland and 
grassland and piñon-juniper woodland. There was, however, differences in the 
spatial distribution of SOC as indicated by the significant differences between SOC 
under bare and woody cover. As can be seen from the nugget variance values 
(Table 5.12), SOC displayed moderate spatial dependence across all study sites. 
However, within this moderate bracket, spatial dependence was much higher for the 
woody sites with the piñon-juniper site showing the highest spatial dependence with 
a nugget variance of 0.29. In contrast, the grass dominated sites showed much lower 
levels of spatial dependence with the lowest being exhibited by the grass site in the 
basin, which had a nugget variance of 0.65.  The range of spatial autocorrelation in 
SOC values for the woody sites also showed a close relationship to that for 
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areas, whilst in contrast at the piñon-juniper site SIC was significantly higher 
(p<0.05) under woody vegetation. At all sites patterns of SIC concentrations showed 
a moderate degree of spatial dependence, as with TC the range of autocorrelation in 
SIC across the woody study sites appears more closely linked to the range of 
vegetation cover autocorrelation (Table 5.3). 
Table 5.14 Descriptive and geostatistical analysis of soil inorganic carbon at each site. For each 
variable values followed by the same letter are not significantly different whist values followed by a 
different letter are significantly different (p <0.05). 
    
Descriptive 
Statistics     
Geostatisti
cs     
Site 
Surface 
Cover N 
Mean SIC             
(mg cm
-
³ ±SE) 
CoV 
(%) 
Variogram 
Model 
Range 
(m) 
Nugget 
Variance 
Grama Grass in 
Basin 
Bare 44 6.64±0.16a 24 Gaussian 2.5 0.68m 
 Grass 46 7.00±0.11a 26    
Creosote in Basin Bare 47 12.05±0.28a 28 Gaussian 1.3 0.38m 
 Creosote 43 17.14±0.34b 34    
Grama Grass at 
Los Piños 
Bare 45 2.75±0.23a 46 Gaussian 1.8 0.56m 
 Grass 45 4.17±0.22a 28    
Piñon-juniper at 
Los Piños 
Bare 46 1.8±0.13a 48 Gaussian 5.2 0.45m 
 Grass 17 1.96±0.19a 39    
  Piñon-
juniper 
27 4.77±0.30b 32       
smw = Level of spatial dependence s=strong, m=moderate, w=weak 
As can be seen from Table 5.15, the percentage contributions of inorganic carbon 
are higher in bare areas, compared to vegetated areas, across all sites. However, 
this difference was only statistically significant (p<0.05) at the creosote site in the 
basin. What is also noticeable from Table 5.14 is that inorganic carbon constituted a 
much greater proportion of TC at the sites in the basin as opposed to the sites at Los 
Piños 
Table 5.15 Percentage inorganic carbon (SIC) for each site separated by surface cover. For each 
study site values followed by the same letter are not significantly different whist values followed by a 
different letter are significantly different (p <0.05). 
Study Site Surface Cover Class SIC (%) 
Grama Grass in Basin Bare 71.2a 
Grass 67.3a 
Creosote in Basin Bare 84.8a 
Creosote 75.1b 
Grama Grass at Los Piños Bare 18.5a 
Grass 17.8a 
Piñon-juniper at Los Piños  Bare 17.8a 
Grass 17.3a 
  Piñon-juniper 15.8a 
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5.5. Summary Results Table 
Table 5.16 Summary of characterisation sampling results and analysis. For each variable values 
(±SE) followed by the same letter are not significantly different whist values followed by a different 
letter are significantly different (p<0.05). The colour and subscript letter of each number refers to the 
extent of spatial dependence (green=strong, yellow=moderate, red=weak, s=strong, m=moderate, 
w=weak). B =bare ground G = grass cover; C= creosote cover, PJ =piñon-juniper cover. 
Study site Cover 
% 
Cover 
>2mm 
Particle (%) 
Mean BD    
(g cm
-
³) 
Mean TC   
(mg cm
-
³) 
Mean SIC   
(mg cm
-
³) 
Mean SOC  
(mg cm
-
³) 
Grama Grass in 
Basin B 45.5m 25.3±1.33aw 1.23±0.01am 9.33±0.36am 6.64±0.16am 2.69±0.06am 
  G 54.5m 15.2±1.70bw 1.20±0.01am 10.40±0.43am 7.00±0.11am 3.40±0.07am 
Creosote in Basin B 79.4s 32.7±0.96cm 1.33±0.01bm 14.47±0.31bm 12.05±0.28bm 2.42±0.15am 
  C 20.7s 13.4±1.38bm 1.27±0.01cm 22.83±1.27cm 17.14±0.34cm 5.69±0.13bm 
Grama Grass at 
Los Piños B 39.5m 38.9±0.81dw 1.39±0.01bm 14.88±0.26bm 2.75±0.23dm 12.13±0.34cm 
  G 60.5m 38.8±1.26dw 1.35±0.02bm 16.51±0.21bm 4.17±0.22dm 12.34±0.26cm 
Piñon-juniper at 
Los Piños B 62.1s 40.6±1.02dm 1.39±0.00bm 14.71±0.05bm 1.80±0.13em 12.91±0.05cm 
G 8.97s 38.6±1.51dm 1.32±0.00bm 16.13±0.14bm 1.96±0.19em 14.17±0.13cm 
  PJ 28.9s 27.7±1.28am 0.98±0.01dm 26.19±0.24dm 4.77±0.30dm 21.42±0.24dm 
smw = Level of spatial dependence s=strong, m=moderate, w=weak 
5.6. Discussion 
Vegetation Structure 
The site surface cover data, mirrors the trends found in previous research over 
grass-woody vegetation transitions, with studies in grama grassland estimating 
around 60% surface cover compared to around 30 % in scrubland (Abrahams et al., 
2006). However, it is not simply the percentage of vegetation cover that influences 
the function of an environment but also the structure or pattern of vegetation cover. 
As proposed in the ‘island of fertility’ theory (Schlesinger et al., 1990) over the 
transition from grass to woody vegetation there is a gradient from relatively 
homogeneous grass cover to isolated vegetation patches surrounded by inter-patch 
bare areas. Such patterning is illustrated in Figure 5.1 and clearly demonstrates the 
variance in structure over the transition from grass to woody vegetation (Havstad et 
al., 2006), in addition to the contrast between the two woody endmembers. The 
grass sites in both the basin and at Los Piños were made up of a combination of 
large and small vegetation patches comprising many individual grama plants. In 
contrast, the woody vegetation was made up of isolated patches usually comprising 
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individual or a low number of individual plants surrounded by large bare/degraded 
interpatch areas. Unlike for grassland, where individual plants have little impact, at 
the scale being studied the age, health and mortality of individual woody plants can 
have a significant impact upon environmental structure and resulting ecohydrological 
interactions.  
Due to the characteristics of the woody vegetation species being investigated there 
are significant differences in the pattern of surface cover between the creosote and 
piñon-juniper endmember sites. Creosote grows in species poor or single stand 
communities (Marshall, 1995). In contrast, piñon and juniper grow much larger and 
often in combined mixed stand communities (Nesom, 2003). Additionally, in piñon-
juniper woodland, greater amounts of understory vegetation remain in the inter-
woody areas, with grass cover making up nearly 9 % of site cover at the piñon-
juniper site. The persistence of grass species in piñon-juniper dominated landscapes 
(Wilcox et al., 2003b) has the potential to not only alter structure in the form of soil 
properties, but also function via its impact upon surface roughness and hydrological 
connectivity. Previous research has found connectivity to change with vegetation 
structure (Mayor et al., 2008, Van Nieuwenhuyse et al., 2011, Smith et al., 2010), 
which will be considered further in Chapter 7. 
As discussed in Chapter 2, a  change in vegetation cover is initiated by a complex 
set of interacting biotic and abiotic factors (Van Auken, 2009), whilst additionally 
once initiated it is also accompanied and probably reinforced by a change in 
ecosystem function (Turnbull et al., 2012, Schlesinger et al., 1990). It has been 
argued that vegetation cover exerts a first order control on ecosystem hydrological 
function in the form of runoff and erosion (Michaelides et al., 2009). The role of 
vegetation cover is as a result of the direct interaction of water with surface 
characteristics, with an increase in both the percentage cover and the pattern of 
cover having a major influence on hydrological connectivity (Bracken and Croke., 
2007). The relatively high degree of coverage in grama dominated landscapes would 
be expected to result in high rainfall infiltration rates and low runoff of water and 
nutrients, due to the lowering of effective raindrop energy; this in turn is believed to 
result in a relatively uniform horizontal availability of soil resources (Schlesinger et 
al., 2000). In contrast, as represented in previous conceptual models (Wainwright et 
al., 2000) the increase in bare ground in woody environments has the potential to 
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lead to a concentration of overland flow in bare inter-shrub areas and a resulting 
increase in the heterogeneity of soil resources. Increased hydrological function, 
resulting from increased heterogeneity is because the structure results in an 
increase in hydrological connectivity via more highly connected flow pathways in 
woody landscapes. Chapter 6 will examine whether there are significant differences 
in fluvial fluxes coinciding with a change in the dominant vegetation cover across the 
studied sites, whilst Chapter 7 will more explicitly investigate the ecohydrological 
relationships between vegetation pattern and fluvial fluxes via the influence of 
vegetation structure on hydrological connectivity.  
Soil Structure 
The observed differences in vegetation structure coincided with differences in the 
underlying soil characteristics. Differences occurred both for the physical structure of 
the soil and for soil nutrient resources. Physically, bare soil across all sites, exhibited 
a greater bulk density under bare soil with the contrast being highest at the woody 
sites. Higher bulk densities in bare ground is most likely as a result of compaction 
from raindrop impact (Kinnell, 2005) which doesn’t affect vegetated areas due to 
interception by vegetation. Roots also most likely play a role in lowering bulk density 
of soil under vegetation (D'Odorico et al., 2006), also increasing porosity and this 
may be one of the reasons for the greater deviation for bulk density values across 
woody sites. Changes in bulk density are possibly because grasses such as grama 
exhibit an extensive network of fine but dense, near surface roots, which across the 
grass site would extend beneath the bare areas, playing a key role in preventing soil 
loss and remobilisation. In contrast, the woody species have less overall roots but 
instead a smaller number of larger and deeper roots (Brisson and Reynolds, 1994) 
which wouldn’t have the same impact on bulk density, across the more extensive 
bare areas found at the woody sites. For all sites, the range of autocorrelation for 
bulk density was greater than that for vegetation and this may suggest that due to 
the influence of roots, ‘vegetation patches’ extend beyond that of surface vegetation 
cover. It has been suggested that in limiting the influence of erosion, particularly rill 
and gully erosion, the influence of below ground root structure can be as significant 
as surface vegetation cover (Gyssels et al., 2005). The increase in bulk density will 
impact upon the porosity and the infiltration capacity of the soil (Shaver et al., 2002). 
Higher bulk density, will reduce water storage and infiltration capacity in bare areas 
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resulting in bare areas being more vulnerable to both infiltration excess and 
saturation excess overland flow as a result of rainfall (Castillo et al, 1997).  
Bare areas also showed an increased proportion of coarse >2 mm pebbles, 
indicative of stone pavement cover in the bare areas (Turnbull et al., 2010a, Canfield 
et al., 2001). An increased proportion of coarse material in bare areas was 
particularly the case at the woody sites, with an overall pattern of coarsening 
between grass and woody sites. The coarser particle size in bare areas is indicative 
of soil loss, potentially as a result of selective entrainment and transportation of fine 
sediment both by fluvial (Govers, 1985, Chartier et al., 2013) and aeolian (Singhvi 
and Kar, 2004, Bauer et al., 1996) erosion. However, just from looking at particle 
size alone, the scale of this loss is not clear, with the comparative increase in 
proportion of fines, particularly fine sand in vegetated areas suggesting that 
vegetation patches are better at protecting fine sediment but also possibly trapping 
eroded fine sediment (Wainwright et al., 2000). Particle size analysis indicates there 
is greater redistribution of sediment in woody ecosystems. As with bulk density, the 
increased proportion of coarse material in inter-patch areas of woody sites may be 
expected to result in increased runoff and influence erosion following rainfall 
(Abrahams et al., 1988, Martinez-Mena et al., 2000, Mayor et al., 2009)  
Coinciding with the increased heterogeneity of vegetation cover and physical soil 
characteristics at the woody sites was an increase in the heterogeneity of soil 
resources, with this study focussing on the levels and spatial distribution of SOM and 
carbon across the study sites. SOM influences and is influenced by a host of abiotic 
and biotic processes, ranging from plant essential nutrient availability to the structure 
and therefore erodibility of the soil (Zhu et al., 2010, Binkley et al., 2005). As 
described in section 5.3.3 SOM levels were higher under vegetation across all sites; 
however, these differences were only significant at the woody sites. The significantly 
higher levels of SOM under woody patches (both creosote and piñon-juniper), to an 
extent supports Schlesinger’s island of fertility theory, with the localisation of soil 
resources under the woody canopy initiating a series of feedback mechanisms 
(Schlesinger et al., 1990) including greater plant resource availability and plant 
productivity in woody patches. However, whilst results show heterogeneity to 
increase across woody sites, this was not partnered by a reduction in SOM values of 
the surface soil in bare areas. On the contrary, SOM levels of bare areas at both the 
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creosote and piñon-juniper site were higher (although not significantly) than they 
were at the comparative grass sites and weighted averages suggest overall site 
SOM levels were higher (Table 5.9).  
Previous studies (Michaelides et al., 2009, Parsons et al., 1992) have highlighted the 
change in micro-topography over grass-woody transitions with mounds of fine, 
resource rich sediment being deposited or trapped in woody patches, in line with the 
island of fertility or resource island concepts (Schlesinger et al., 1990). However, it 
has also been suggested that at the micro-scale this results in steep topography and 
loosely consolidated sediment (Michaelides et al., 2009). Material in woody islands is 
therefore vulnerable to erosion and redistribution, with Michaelides et al, 2009 
suggesting that erosion rates at the micro scale are higher on the slopes of creosote 
mounds. Micro-scale structure-function interactions may relate to the magnitude of 
an erosive event. Whilst rainfall of a low magnitude may be restricted to established 
flow pathways, or rill areas where hydrological connectivity is highest, during higher 
magnitude events sheet flow can overcome micro-topographical constraints and 
result in erosion and resource redistribution from woody patches. The relationship 
between the magnitude of events and SOM fluxes will be considered in Chapter 6, 
whilst the biogeochemical tracing techniques developed in Chapters 8 and 9 may 
provide more information on the source of eroded material. 
As found by previous studies, SOC levels were higher under vegetation than in bare 
areas, regardless of vegetation type (Asner et al., 2003a), this difference was 
greatest across the woody sites, suggesting, that SOC is closely related to 
vegetation structure and pattern (Bird et al., 2002). Woody sites showed a greater 
heterogeneity, with geostatistical analysis suggesting a greater degree of spatial 
dependence and autocorrelation at a range closer to that of vegetation, when 
compared to the grass sites. One reason for higher SOC stocks under woody 
vegetation is greater aggregate stability, both as a result of abiotic (Tisdall, 1996) 
and biotic (Wright et al., 1999) processes. In areas with greater aggregate stability 
SOC is offered physical protection, (Six et al., 2000). Whilst researchers have 
proposed a number of biotic processes including the decomposition of OM and 
deposition of microbial by-products further stabilise SOC within macroaggregates, 
under vegetation (Jastrow, 1996, Tisdall and Oades, 1982). As discussed previously 
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woody patches can also act as a trap or sink for SOC rich fine material transported 
by fluvial or aeolian processes (Ravi et al., 2010, Okin et al., 2009). 
Weighted averages suggested overall surface SOC levels were higher (though not 
significantly p>0.05) across the woody sites, compared to the grass sites, which 
supports previous research suggesting woody landscapes have either higher overall 
SOC levels or no difference, yet rather a redistribution in spatial distribution (Connin 
et al., 1997, Throop and Archer, 2008, Archer et al., 2001). There were no significant 
differences in SOC levels in bare areas between grass and woody dominated sites, 
with SOC levels being slightly lower across the creosote site and slightly higher 
across the piñon-juniper site (compared to SOC levels in bare areas of comparative 
grass site). Based upon previous research higher levels of soil resources under 
woody vegetation were to be expected (Fang et al., 2001, Krull et al., 2005). 
Weighted averages suggested soil carbon resources were higher overall across 
woody study sites compared to grass study sites. Turnbull et al (2010a) suggested 
that due to the increased vulnerability to erosion in bare balanced against the 
concentration of nutrients under woody patches, there will be an overall reduction in 
soil resources (Martinez-Mena et al., 2002). This study found an increased 
heterogeneity of soil resources at woody sites, whilst levels of TC, SOC and SOM in 
bare areas were similar to, or often higher than in bare areas of the comparative 
grassland study sites. This is not to say that there are not increased fluvial fluxes of 
SOC as a result of erosion (as will be discussed in Chapter 6) from woody sites, just 
that based on the characterisation sampling undertaken, it does not appear that the 
change from a grass to woody dominated ecosystem results in a net reduction of 
SOC in the surface soil. As discussed for SOM this may be as a result of 
redistribution of SOC from woody patches as a result of high magnitude erosive 
events. Alternatively, it has been suggested that soil erosion is a net sink of carbon 
(Lal, 2005, Smith et al., 2001), not only because of the impoundment and protection 
of SOC in topographical sinks, but also because soil depleted of carbon via erosion 
acts as a carbon sink replenishing SOC levels (Berhe et al., 2007).  
That total carbon levels were higher than SOC levels at all sites is believed to be due 
to the often overlooked presence of inorganic carbon. Turnbull (2008), supported by 
research in the Mojave Desert (Ewing et al., 2007) proposed that there were 
differences in the form of carbon (organic vs. inorganic) found under vegetated and 
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non-vegetated areas, particularly in the creosote endmember, where carbon under 
shrub patches will be dominated by organic litter inputs to the soil, whilst inter-patch 
areas will have suffered the loss of the upper A soil horizon as a result of 
degradation and exhibit a greater proportion of inorganic calcium carbonate. The 
carbon analysis carried out in this study allows this theory to be tested, via the 
differences SOC and TC for the characterisation samples, with Table 5.15 showing 
the mean concentration of inorganic carbon for each site, separated by surface 
cover. 
As can be seen from Table 5.14, the percentage contribution of inorganic carbon 
was higher in bare areas, compared to vegetated areas, across all sites. However, 
this difference was only statistically significant at the creosote site in the basin. Thus, 
data supports the theory of increasing calcium carbonate in the surface soil of bare 
and eroded inter-patch areas being responsible for the greater total carbon at the 
creosote site (Turnbull, 2008). That inorganic carbon is also higher in the shrub 
patches compared to either grass or bare patches at the comparative grass site, 
suggests that eroded inorganic carbon rich soil is possibly being trapped and 
deposited underneath shrubs. What is also noticeable from the results in Table 5.15 
is that inorganic carbon constituted a much greater proportion of TC at the sites in 
the basin as opposed to the sites at Los Piños. Higher IC levels in the basin reflects 
the presence at the basin sites of a thick near surface caliche layer made up of 
pedogenic calcium carbonate (Monger, 2006). The depth of the surface soil to the 
caliche layer reflects a number of factors including topography and soil erosion or 
degradation (Mclin et al., 2005). It may thus be hypothesised that the high inorganic 
carbon levels in bare areas at the creosote site, reflects the removal of topsoil by 
erosion, leaving the calcium carbonate layer exposed (Lal et al., 1999). Chapter 6 
will examine this hypothesis further via the analysis of inorganic carbon levels in 
eroded sediment, furthermore Chapters 8 and 9 will examine the source of sediment 
via biogeochemical analysis to determine whether the carbon in bare inter-patch 
areas is ‘old carbon’ sourced from the previous grass cover. 
5.7. Conclusion 
The data analysis undertaken in this chapter had the primary objective of addressing 
Research Objective 1: To determine if ecosystem structure shows significant 
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differences over the transition from grama grass to creosote shrub and grama grass 
to piñon-juniper woodland. Additionally, this research objective also provides a 
foundation for the following research objectives and chapters. The analysis carried 
out in this chapter assumed the overall null hypothesis:  
H0: The characterised study sites under different vegetation type show no difference 
in vegetation cover, distribution and monitored soil properties. 
An additional emphasis of this analysis has been to compare and contrast the two 
vegetation transitions that have been characterised, which links into a component of 
Research Objective 3: To compare and contrast ecosystem structure, function and 
connectivity over the transition from grama grass to creosote shrub and over the 
transition from grama grass to piñon-juniper woodland. 
The ecosystem structure component of Research Objective 3 assumed the overall 
null hypothesis:  
H0: The transition from grass to creosote and grass to piñon-juniper, results in no 
significant difference in the spatial distribution of vegetation and monitored soil 
properties. 
Results presented show that over both transitions monitored there was a significant 
reduction in vegetation cover between grass and woody study sites, resulting in an 
increase in bare interpatch areas. There were however, also differences between the 
creosote and piñon-juniper endmembers. Piñon-juniper mixed stand patches were 
much larger than creosote patches, whilst additionally in piñon-juniper woodland a 
small percentage of grassland vegetation remains in interpatch areas. Observed 
vegetation pattern can be expected to affect both the biotic structure of the study site 
with increased nutrient cycling under the larger piñon-juniper patches and a smaller 
contribution from the remaining grass.  
Coinciding with the differences in vegetation cover was a change in physical soil 
characteristics with bare soil at all study sites exhibiting a greater percentage of 
coarse (>2mm) material and also a greater bulk density than vegetated areas. Again 
as with vegetation cover; with the exception of particle size at the grass site in the 
basin, the difference between bare and vegetated areas was only statistically 
significant for woody vegetation. The difference in structure will have an impact on 
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hydrological function at the woody study sites, with a reduced infiltration and water 
capacity meaning increased rainfall-runoff coefficients may be expected.  
Bare soil at all study sites was depleted in TC, SOC and SOM compared to 
vegetated areas. Again the difference in resource distribution between bare and 
vegetated areas was only significant for woody vegetation. This reflects the patch-
interpatch structure of semi-arid landscapes as supported by previous research and 
theoretical frameworks. Findings suggests there is a complex series of processes, 
controlling ecosystem structure across grass to woody transitions and that structure 
and function are closely interrelated with feedbacks in both directions.  
From the analysis above the null hypothesis to Research Objective 1 can be rejected 
and the alternative hypothesis that: woody study sites show an increased 
heterogeneity in the spatial distribution of vegetation cover, distribution and soil 
carbon properties, accepted with confidence. The structural component of Research 
Objective 3 is not as straightforward. There were significant differences in the 
vegetation cover, patch size and type, in addition to the underlying characteristics of 
soil structure and resources between the creosote and piñon-juniper study sites. 
Therefore, the null hypothesis proposed should be rejected and the alternative 
hypothesis accepted. However, for all characterisation data collected the direction 
and trend of differences were the same; suggesting that in examining the changes in 
structure over transitions from grassland to woody ecosystems, common conceptual 
models and experimental frameworks may be applicable to both transitions. Caution 
should be exercised though, and both site specific and species specific 
characteristics should be taken into account before drawing detailed conclusions. 
5.8. Key points  
• Over both grass-woody transitions vegetation cover decreased from covering 
a majority of the study site in grasslands to a minority in woody study sites. 
• Across all study sites, particle size was coarser and bulk density was on 
average greater in bare areas compared to vegetated areas. However, this 
difference was only significant (p<0.05) at the woody study sites. 
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• Across all study sites, TC, SOM and SOC levels were on average lower in 
bare areas compared to vegetated areas. However, this difference was only 
significant (p<0.05) at the woody study sites. 
• Weighted averages suggest TC, SOM and SOC levels were higher overall in 
woody study sites, yet this was accompanied by an increased heterogeneity 
of resource distribution. 
• SIC was significantly higher (p<0.05) at the basin than Los Piños sites, 
reflecting the role played by the caliche layer in basin.  
• Creosote and piñon-juniper endmember study sites showed the same overall 
trend, when compared to their respective grassland sites. However, the 
magnitude of trends and the range of autocorrelation varied, being generally 
larger at the piñon-juniper study site. Trends are believed to reflect the greater 
size of piñon-juniper vegetation and the characteristics of the underlying 
patches and remaining understory/interpatch vegetation. 
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6. Event fluxes of water, sediment and carbon over two grass to woody semi-
arid vegetation transitions  
6.1. Introduction 
Previous research has highlighted the importance of multi-directional interactions 
between ecology and hydrology; demonstrating the need to combine an ecological 
and hydrological understanding and adopt an ecohydrological approach to 
understand grass to woody vegetation transitions (Wainwright et al., 2002, Ludwig et 
al., 2005). However, there still remains a lack of quantitative understanding of the 
biotic-abiotic interactions and resulting, water, carbon and sediment dynamics across 
these transitions, in response to rainfall events. Furthermore, as discussed in 
Chapter 2, soil erosion remains a poorly understood component of the carbon cycle 
(Lal, 2005). Vegetation change has been shown to result in significant increases in 
runoff and erosion (Wainwright et al., 2000), resulting in the loss of key nutrients 
including carbon from the soil. SOC is particularly vulnerable to loss via erosion, 
being light, easily eroded and preferentially located in the surface layer of soil. 
Results presented within this chapter, quantify the loss of carbon from natural rainfall 
events across the monitored study sites. Chapter 6 has the primary aim of 
addressing Research Objective 2: To quantify fluxes of water, sediment and carbon 
over the transition from grama grass to creosote shrubland and over the transition 
from grama grass to piñon-juniper woodland and addresses the following null 
hypothesis: 
H0: Fluxes of water, sediment and carbon show no significant difference between 
grass and woody sites. 
Chapter 6 also addresses the ecosystem function component of Research Objective 
3: To compare and contrast ecosystem structure, function and connectivity over the 
transition from grama grass to creosote shrub and over the transition from grama 
grass to piñon-juniper woodland. 
H0: The transition from grass to creosote and grass to piñon-juniper, results in no 
significant difference in fluxes of water, sediment and carbon. 
High intensity, summer monsoon season rainfall events display a large degree of 
spatial and temporal variability at the SNWR and across the wider US-SW. 
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Therefore, the runoff response to these events across the monitored study sites is 
compared via a range of descriptive statistics. Event statistics summarise the 
characteristics of the event and resulting response, allowing for their use as metrics 
to compare response between study sites. Event rainfall data are presented in terms 
of the event total, in addition to maximum intensity as this is also known to influence 
response (Reaney et al., 2007). Runoff response is summarised via; time to runoff 
initiation (min), rainfall prior to runoff, the runoff coefficient, peak discharge and total 
event discharge. Finally, sediment associated organic matter and carbon event 
losses are presented. Analysis of these event variables enable investigation into how 
response vary with rainfall characteristics and how this also varies across the grass 
to woody transitions. Within-event sediment and nutrient dynamics have also been 
characterised, via the analysis of pump sampler data. These data allow for within-
event quantification of suspended sediment characteristics. 
6.2. Rainfall Characteristics 
Rainfall was monitored at the sites in 2010 and 2011 between June and early 
September (the monsoon, rainy season). Tipping bucket rain gauges were located at 
each site to monitor rainfall intensity. Such an approach was necessary as the high 
intensity summer monsoon season rainfall events showed a high degree of both 
temporal and spatial variability. Between 15/06/2010 and 15/09/2010; grama grass in 
the basin, creosote and piñon-juniper sites received in total 53, 72 and 86 mm 
respectively. Between 15/06/2011 and 15/09/2011; grama grass in the basin, 
creosote in the basin, grama grass at Los Piños and piñon-juniper sites received in 
total 62, 54, 77 and 77 mm respectively. As with the long term mean annual 
averages (250 mm in basin and 365 mm), (sev.lternet.edu)) the Los Piños sites 
receive marginally more rainfall than the sites in the Rio Grande basin. There were 
no significant differences for total rainfall over the two years between the two basin 
sites or between the two Los Piños sites (p>0.05).  
Table 6.1 illustrates the descriptive statistics of the monitored rainfall events 
(between 8 and 11 per site), whilst Figure 6.1 presents daily rainfall at the monitored 
sites for the 2010 and 2011 monsoon seasons. The response to rainfall events at 
each site is investigated in terms of total event rain and indices describing event 
intensity (maximum rainfall intensity and maximum rainfall intensity over a 5 minute 
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period). Overall larger rain events were significantly correlated with higher rainfall 
intensities (p<0.05). 
Table 6.1 Summary of rainfall characteristics; Total event rain (ER), Maximum rainfall intensity (I) and 
Maximum 5 min rainfall intensity (i5) mean values for all 2010 and 2011 events at each study site. 
The tipping bucket rain gauges recorded rainfall on a 1 minute frequency, tipping with each 0.254 
mm, therefore minimum I was 15.24 mm hr-1. 
 Study Site n Mean SD Minimum Maximum 
Event Rain Grama Grass in Basin 9 7.18 7.11 1.27 20.95 
(ER) Creosote in Basin 10 8.04 5.93 1.78 19.99 
mm Grama Grass at Los Piños 11 10.00 5.59 1.52 19.99 
 Piñon-juniper at Los Piños 8 7.71 4.76 1.78 13.72 
Max Rainfall Intensity Grama Grass in Basin 9 37.24 13.43 15.24 60.96 
(I) Creosote in Basin 10 44.00 26.83 15.24 91.20 
mm hr
-1
 Grama Grass at Los Piños 11 60.95 30.43 15.24 121.80 
 Piñon-juniper at Los Piños 8 41.91 15.77 15.24 60.96 
Max 5min Rainfall Intensity Grama Grass in Basin 9 24.72 10.93 12.19 45.72 
(I5) Creosote in Basin 10 25.74 13.38 12.19 48.72 
mm hr
-1
 Grama Grass at Los Piños 11 42.94 25.13 9.14 88.20 
 Piñon-juniper 8 31.24 17.90 12.19 54.86 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 6. Differences in Function 
135 
 
 
 
 
 
 
 
 
Figure 6.1 Daily rainfall (mm) at each site over the 2010 and 2011 monsoon seasons (only 2011 for 
Grama Grass at Los Piños). 
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6.3. Rainfall-runoff characteristics 
In addition to a high spatial and temporal variability in rainfall distribution across the 
sites; there was also variability in the runoff response to rainfall events. As discussed 
in Chapter 5, across the monitored grass to creosote and grass to piñon-juniper 
vegetation transitions there was a change in ecosystem structure, particularly 
vegetation and soil surface properties, which were hypothesised to impact upon the 
hydrological response to rainfall events.  
There was no significant difference between mean event rainfall (p>0.05) and runoff 
events across the sites and all exhibited a rapid, flashy response to intense rainfall 
events. Events were characterised by generally short lag times and steep 
hydrographs as exemplified in Figure 6.2. However, due to the variability in event 
timing, duration and magnitude of rainfall-runoff events it was not possible to 
compare directly the response between the monitored sites for the same events. 
Even for a rain event occurring at the same time, the characteristics may be very 
different, even for sites that are only ca. 200 m away from each other. Summary 
statistics for independent rainfall-runoff events were therefore calculated. The use of 
summary statistics allowed for event response to analysed in conjunction with key 
rainfall characteristics, in addition to within and between the monitored sites. Key 
summary statistics for each independently monitored event are presented in 
Appendix Table 6.1. The following sub-sections examine the rainfall-runoff response 
in more detail by examining three runoff responses that: a) encompass both quantity 
and rate and b) to allow direct comparison with the previous work undertaken at the 
basin sites (Turnbull, 2008): (1) the proportion of rainfall resulting in runoff, or runoff 
coefficient (RC), (2) the maximum discharge (Qm) and (3) the total volume of study 
site runoff (Qt). The rainfall characteristics considered here to exert a key control 
over runoff characteristics are: (1) the total volume of event rainfall (ER), (2) the 
maximum rainfall intensity (I) and (3) the 5-minute maximum rainfall intensity (I5). 
Event rain was defined as rainfall that occurred 1 hour prior to the onset of runoff and 
rain that fell until the cessation of runoff. 
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Figure 6.2 Example hydrographs for each site, showing rainfall (vertical bars, mm hr-1) and upper 
discharge (dotted line, Q, l min-1) and lower discharge (dashed line, Q, l min-1).  
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6.3.1. Runoff coefficient 
Mean runoff coefficients for each site showed that there was a significant difference 
between the grass and woody dominated sites (t=2.36, tcrit=2.04, p<0.05). Overall, 
sites dominated by woody vegetation showed a greater runoff coefficient than grass 
dominated sites (Figure 6.3) and therefore a greater proportion of event rainfall 
leaving the sites via overland flow. The strength and significance of the relationship 
between key rainfall characteristics and runoff coefficients at each site were 
determined overall using linear regression (Appendix Table 6.2).. For all sites, the 
relationship between runoff coefficient and rainfall characteristics showed a positive 
linear relationship. However, the strength and significance of these relationships 
varied and the majority were not strong enough to be statistically significant 
(Appendix Table 6.2).  
 
Figure 6.3 Mean average runoff coefficients (±standard error) over (a) sites in the basin and (b) sites 
at Los Piños.  
6.3.2. Maximum discharge  
Over all the monitored rainfall-runoff events, maximum discharge (Qm) showed a 
statistically significant difference (t=2.175, tcrit=2.08, p<0.05) between the monitored 
grass (7.64±3.60 l min-1 in basin and 19.82±16.77 l min-1 at Los Piños) and woody 
dominated (51.15±18.64 l min-1 creosote and 32.97±9.28 l min-1 piñon-juniper) sites; 
with woody sites showing on average, a greater Qm response to rainfall events. For 
all sites the relationship between Qm and rainfall characteristics showed a positive 
relationship, but one of varying strength and statistical significance (Appendix Table 
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in contrast to the lower maximum discharges of the grass dominated sites. It was 
also noticeable that maximum discharge on woody sites showed a stronger and 
statistically significant relationship with maximum rainfall intensity as opposed to the 
non-significant relationship exhibited at the grass sites.   
6.3.3. Total discharge 
As with runoff coefficient and maximum discharge, the volume of water lost from the 
sites via runoff or total discharge (Qt), showed a statistically significant difference 
(t=2.407, tcrit=2.06, p<0.05) between the monitored grass (mean 96.7±57.4L in basin 
and 151.0±124.2 l at Los Piños) and woody dominated sites (mean 393.3±195.1 L 
creosote in basin and 416.71±59.3 L piñon-juniper at Los Piños); with woody study 
sites showing on average, a greater Qt response to rainfall events. Qt showed an 
overall positive relationship with rainfall characteristics. The woody sites showed an 
overall accentuated relationship to rainfall characteristics, with no significant 
difference in rainfall between the grass and their comparative woody sites, thus 
indicating that for the same rainfall event, there was a larger increase in discharge 
over the woody sites than their grass counterparts. From the linear regression 
relationships (Appendix Table 6.4) it appears out of the rainfall indices considered, 
ER exerted a dominant control over Qt (Figure 6.4), with statistically significant 
(p<0.05) positive relationships experienced across all sites. In contrast rainfall 
intensity, whilst still showing a positive relationship showed a much weaker and 
broadly non-significant relationship to Qt. Figure 6.4 also demonstrates that the two 
woody sites typically showed steeper relationships and greater maximums, this 
visual relationship was reinforced by covariance values of the regression 
relationship; (CoV, %); grama in basin: 19; creosote: 44, grama grass at Los Piños, 
28; piñon-juniper 31).   
 
 6. Differences in Function 
140 
 
 
Figure 6.4 Linear regression relationships between ER (event rain (mm)) and total discharge (Qt l). 
Relationship statistics (R2, slope-intercept equation and significance) are detailed in Appendix Table 
6.4. 
 
6.4. Eroded sediment 
 
Total eroded sediment was analysed for variation across the monitored vegetation 
transitions and between events. More detailed erosion dynamics are also considered 
via particle size analysis of eroded sediment, supporting analysis between sites and 
also temporally, both within and between events. Enrichment ratios examine the 
difference in particle size characteristics between surface soil and eroded sediment. 
Together, this analysis allows the investigation of the water erosion processes 
occurring during rainfall-runoff events and how these varied across grass-woody 
transitions. 
6.4.1. Total eroded sediment. 
The mean eroded sediment measured for all monitored events is illustrated in Figure 
6.5. Eroded sediment was calculated as the total sediment collected from stock tank 
and flume apparatus, following rainfall-runoff events. As can be seen from Figure 
6.5, woody-dominated sites on average experienced significantly more eroded 
sediment (t=2.828, tcrit=2.06, p<0.05). The largest losses experienced were 4390 g at 
the piñon-juniper and 4027 g at the creosote site, both on the 25th July 2010. 
Eroded sediment at each site showed considerable variation, as indicated by 
standard error in Figure 6.5, this resulted from the considerable variation in the 
rainfall-runoff characteristics. The relationship with the main rainfall characteristics 
(ER, I, I5) and runoff characteristics (Qm, Qt, RC) were investigated via linear 
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regression (Appendix Table 6.5). Summary statistics for the strength and 
significance of the relationship are illustrated in Appendix Table 6.5. As with 
discharge, the two woody sites typically show steeper relationships and greater 
maximums, this is reinforced by covariance values of the regression lines between 
ES and ER (CoV (%); grama in basin: 11; creosote: 43, grama grass at Los Piños, 
25; piñon-juniper 43).   
 
Figure 6.5 Mean eroded sediment (ES) from rainfall-runoff events (± standard error) over (a) sites in 
the basin and (b) sites at Los Piños.  
 
 
Figure 6.6 Linear regression relationships between QT (total discharge (l)) and eroded sediment (ES 
g). Relationship statistics are detailed in Appendix Table 6.5. 
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statistically significant positive relationship (p<0.05) with eroded sediment across all 
sites (Figure 6.6), with the exception of grama grass at Los Piños. The relationships 
between eroded sediment and rainfall intensity (I and I5) were more varied with only 
the piñon-juniper site showing a statistically significant relationship. 
The relationship between eroded sediment and RC for events showed a positive 
relationship and the strength of the relationship was statistically significant for all 
except the grass site in the basin. 
6.4.2. Particle size distribution 
Different particle class sizes have very different physical and chemical properties 
associated with them and will therefore impact upon fluxes of nutrients such as 
carbon (Meixner et al., 2012). The PSD of eroded sediment from each event was 
investigated to examine whether the particle size distribution of eroded sediment 
changes: (1) between sites, (2) with rainfall-runoff characteristics and (3) between 
surface soil and eroded soil.  
The PSD of eroded sediment was analysed and is summarised in Figure 6.7, which 
shows the percentage of gravel (greater than 2mm), sand (0.0625 - 2 mm), silt 
(0.003906 – 0.0625 mm) and clay (less than 0.003906 mm). As can be seen from 
figure 6.14 for all events, across all sites, sand made up the greatest distribution of 
eroded sediment. Following sand, silt made up the greatest contribution of eroded 
sediment across the sites. At either end of the PSD spectrum, pebbles and clay 
made up minor contributions of the eroded sediment, contributing less than 10 % 
each for all events. Between sites there was no significant difference (p<0.05) in the 
mean PSD with pebbles constituting 5.1±0.2 %, sand 58.9±1.2 %, silt 29.7±1.0 % 
and clay 6.4±0.3 %. 
It can also be seen from Figure 6.7 that across all study sites there was inter-event 
variation in PSD, particularly the balance between the percentage sand and 
percentage silt. It has previously been suggested (Turnbull, 2008) that across the 
grass-creosote transition in the basin, that the balance between sand and silt varied 
with rainfall-runoff event magnitude, with larger rainfall events resulting in a lower 
percentage of sand and a greater percentage of silt. As can be seen from Figure 6.8 
both the percentage sand and percentage silt showed significant relationships 
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(p<0.05) to event rainfall. The percentage sand showed a negative relationship to 
rainfall (R2 0.5) whilst silt showed a positive relationship to rainfall (R2 0.5). In 
contrast pebbles (R2 0.01) and clay (R2 0.2) both failed to show significant 
relationships (p>0.05) to event rainfall. Event runoff coefficients showed a similar 
overall trend to particle size distribution, with sand showing a significant negative 
relationship (p<0.05 R2 0.4), silt a significant a significant positive relationship 
(p<0.05 R2 0.3). Pebbles failed to show a significant relationship (p>0.05 R2 0.01), 
whilst clay showed a positive, but non-significant relationship with runoff coefficient 
(p>0.05 R2 0.1). 
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Figure 6.7 Particle size distributions (PSD), expressed as percentages, of eroded sediment from 
each monitored event. Size classes: gravel (greater than 2mm), sand (0.0625 - 2 mm), silt (0.003906 
– 0.0625 mm) and clay (less than 0.003906 mm). 
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Figure 6.8 Linear relationship between % PSD (particle size distribution) and event rainfall (ER mm). 
Size classes: gravel (greater than 2mm), sand (0.0625 - 2 mm), silt (0.003906 – 0.0625 mm) and clay 
(less than 0.003906 mm) 
From Figures Figure 6.7 and Figure 6.8, it can be see that the PSD of eroded 
sediment changed with event characteristics. What is perhaps surprising following on 
from the analysis of study site structure in Chapter 5 is that mean PSD distribution 
shows no significant difference (p>0.05) between sites. To examine the relationship 
between the PSD of surface soil and sediment eroded during rainfall-runoff events, 
enrichment ratios were calculated (Figure 6.9). 
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Figure 6.9 Enrichment ratio of each soil class size for eroded sediment compared to soil. Values 
above the black line are enriched and values below depleted. Across the four sites each monitored 
event are plotted individually by date.  
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Results for PSD enrichment (Figure 6.9) indicate that the silt and clay fractions were 
enriched for all events across all sites, whilst the pebble fraction was depleted across 
all sites and sand shows little change. The % PSD of both pebbles and clay showed 
a slight positive correlation with event magnitude, but this is not significant (p>0.05). 
Unlike the mean PSD values, the enrichment ratios for sand and silt showed 
noticeable variation between sites.  
At the grass site in the basin, except for the first monitored event (which was also the 
event with the most rainfall at this site), both sand and silt showed little change 
compared to the surface soil. At the creosote site, sand also showed little variation, 
compared to the surface soil but silt for many events exhibits a more extensive range 
of enrichment ratios. At both Los Piños sites, silt was enriched across all events, 
most substantially at the piñon-juniper site. Thus, results showed, despite the much 
lower amount of silt (and clay) in the surface soil, what is there was being 
preferentially eroded.  
When examining the PSD of eroded soil and the enrichment ratios, it is important to 
put percentage values into the context of total eroded sediment. Whilst there may be 
little difference in the PSD of eroded sediment between sites, results have already 
shown that the total eroded sediment for the woody sites was significantly greater 
and therefore there is a difference in the overall amount of each sediment class 
being lost from the sites. As an example, for the rainfall-runoff events recorded on 
the 31/07/2011, the eroded sediment from the grama grass site in the basin, showed 
greater enrichment of the clay fraction relative to the creosote site (enrichment ratios 
of 4.1 and 2.1 respectively) with clay also making up a greater % contribution to 
eroded sediment (9.6 % at the grass site, 4.3 % at the creosote site). However, as 
eroded sediment was almost three times greater from the creosote site (1006 g at 
the grass site, 2748 g at the creosote site). In total therefore, analysis indicates a 
greater amount of the clay fraction was lost from the creosote site (96.6 g from the 
grass site and 118.2 g at the creosote site). 
6.4.3. Within-event sediment dynamics 
Chapter 6 has so far analysed fluxes of water and sediment as mean values and 
totals resulting from rainfall-runoff events. The experimental setup allowed for the 
monitoring of rainfall and discharge at a one-minute time step and the collection of 
 
 6. Differences in Function 
148 
 
within-event samples via ISCO auto-samplers, also on a one-minute time step.  
Attempting to quantify suspended sediment dynamics throughout rainfall-runoff 
events provides further information about processes occurring during rainfall-runoff 
events and whether these changed across the monitored transitions. 
Where flow depth in the flumes was sufficient for sample collection, suspended 
sediment was monitored via the collection of 1 l runoff samples. Figure 6.10 
illustrates the suspended sediment averaged from all samples for each monitoring 
site. Whilst this encompassed a large degree of inter-event variation, it illustrates that 
the Los Piños sites experienced significantly greater levels of suspended sediment in 
runoff than the other basin sites (t=2.99, tcrit = 2.02, p<0.05). Furthermore, across the 
grass to shrub transition in the basin and grass to piñon-juniper transition at Los 
Piños, woody sites showed greater average values of suspended sediment although 
this variation was not great enough to be statistically significant (p>0.05). Whilst not 
strong enough to draw firm conclusions these higher suspended sediment 
concentrations from woody versus, their respective grass sites suggest that woody 
study sites allow for the greater entrainment of sediment and in this case transport in 
suspended form. Suspended sediment concentrations showed positive but non-
significant relationships (p>0.05) with event rain (R2 0.2) and discharge (R2 0.05). 
Examples of hydrographs and suspended sediment fluxes, throughout events at 
each site are illustrated in Figure 6.11. 
 
Figure 6.10 The mean suspended sediment (captured via inter-event sampling) is displayed (± 
standard error) over (a) sites in the basin and (b) sites at Los Piños.  
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Figure 6.11 For two sample events from each site an illustration of the relationship between 
discharge (solid line, Q l min-1) and suspended sediment (SS) concentrations (g l-1). Sediment data 
points indicate a) the timing of the sample during the event and b) the quantity amount of suspended 
sediment. 
As can be seen from Figures 6.11 and 6.12 both suspended sediment 
concentrations (g l-1) and loads (g l min-1) closely matched discharge. Overall 
suspended sediment dynamics showed a show a flashy trend with a sharp increase 
to a peak, closely matching that of discharge before a rapid recession. Interestingly 
across all events, the receding limb of the suspended sediment curve was steeper 
than that for discharge.  
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Figure 6.12 For two sample events from each study site an illustration of the relationship between 
discharge (Solid line, Q, l min-1) and suspended sediment load (SS load, g l-1). Sediment data points 
indicate a) the timing of the sample during the event and b) the quantity amount of suspended 
sediment. 
 
Figure 6.12 illustrates that the woody sites achieved higher peak loads of suspended 
sediment than their counterpart grass study sites on the monitored ecotones; this 
was particularly apparent at the grass to shrub ecotone in the basin. As an example, 
at the creosote site the highest peak in suspended sediment concentration recorded 
was 4.2g l in the 31/07/2011 event, corresponding to a discharge of 71 l min-1 (a 
minute after the event peak discharge of 77 l min-1). Therefore, at that peak rate of 
suspended sediment concentration, there was a total suspended sediment load of 
298.2 g l min-1. At the grama grass site in basin the highest peak in suspended 
sediment concentration recorded was 2.8 g l-1 this corresponded to the event peak 
discharge of 26 l min-1. Consequently, results indicated at the peak rate of 
suspended sediment concentration, there was a total suspended sediment event 
yield of 72.8 g min-1. 
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6.5. Organic matter and carbon losses  
The following sections will examine in detail, how variation in rainfall-runoff 
relationships and resulting sediment fluxes were accompanied by fluxes of organic 
carbon (OC) and organic matter (OM), which is often used as an indirect  proxy for 
OC (Santisteban et al., 2004). Larger and more intense rainfall events typically 
possess more energy for the entrainment and transportation of sediment and 
associated organic matter and carbon. Therefore, larger events may be 
hypothesised to result in greater losses; this hypothesis is supported by results in 
section 6.4 which showed an overall positive relationship between increasing rainfall-
runoff indices and sediment. Additionally, it may be hypothesised that woody areas 
exhibit larger fluvial fluxes of OM and OC than grass areas. Such trends would be 
expected due to the structure of woody areas with increased heterogeneity and 
reduced cover of vegetation, compared to grass areas, resulting in greater 
hydrological connectivity and therefore, erosion. This hypothesis is supported by the 
results in section 6.4, showing that on average the creosote and piñon-juniper woody 
study sites have significantly greater (p<0.05) sediment loss resulting from rainfall-
runoff events. 
As well as event characteristics, soil and vegetation properties (both biotic and 
abiotic) will impact upon resultant event OM/OC fluxes. As discussed in section in 
Chapter 5, woody sites showed a greater heterogeneity in soil nutrient content, with 
greater concentrations of OM/OC under vegetated patches whilst inter-patch areas 
were comparatively degraded. Therefore, whilst these inter-patch areas are more 
susceptible to erosion it is to be expected the OM/OC concentrations of eroded 
sediment may be less. Additionally, as supported by the coarsening found in bare 
areas (Chapter 5) progressive erosion of nutrient rich fine sediment may leave inter-
patch areas ‘armoured’ so whilst still runoff generating, will not result necessarily 
result in the sediment and nutrient rich fluxes expected. Geostatistical analysis of soil 
resources at the sites (Chapter 5) also illustrated that SOM content and SOC 
concentrations were generally higher at both grass and woody Los Piños sites 
compared to sites in the Rio Grande Basin. As a result of which, sediment eroded 
from Los Piños sites may be hypothesised to have higher OM/OC concentrations 
regardless of vegetation structure.  
 
 6. Differences in Function 
154 
 
6.5.1. Eroded organic matter  
The overall higher SOM (%) content of soil at the Los Piños sites (Chapter 5) was 
reflected in the OM content of eroded sediment. There was a significant difference 
(t=6.12, tcrit=2.06, p<0.05) between eroded sediment at sites in the Rio Grande Basin 
which had on average 2.5% ±0.3 SOM, compared to 6.9% ±0.7 at the Los Piños 
sites. Additionally, sediment eroded from woody sites had higher mean OM 
(creosote: 2.7±0.1%, piñon-juniper: 7.8±1.7%) than their partner grass sites (in 
basin: 2.3±0.1%, at Los Piños: 5.75±0.6%) although this difference was not 
significant in the basin (t=0.6, tcrit=2.26, p>0.05) or at Los Piños (t=1.75, tcrit=2.11, 
p>0.05). As well as differences in mean values between sites, OM (%) also varied 
with rainfall-runoff characteristics (Appendix table 6.6). All sites showed a positive 
relationship between event magnitude/intensity and OM (%). For ER this was 
significant at all sites except grass at Los Piños. For rain intensity the significance 
was more varied with significant relationships between I and OM on the woody sites, 
whilst I5 was significantly related to OM on the grass in basin and piñon-juniper 
study sites. Qt, RC and ES all showed a significant, positive relationship to OM (%) 
at the woody sites, but not on the grass sites. As can be seen from the linear 
relationships for these variables (Appendix Table 6.6), the woody sites exhibited a 
much greater range and maximum Qt, RC and ES.  
6.5.2. Eroded organic carbon 
The concentration of OC in eroded sediment showed an overall trend, similar to that 
of OM with a statistically significant, positive correlation between the two (p<0.01. As 
would be expected given this correlation OC was significantly (t=3.72, tcrit=2.06, 
p<0.05) higher at the Los Piños sites (Figure 6.13), again reflecting the higher SOC 
concentrations at the Los Piños sites, measured in geostatistical characterisation 
sampling. The woody sites show a greater concentration of OC than their grass 
counterparts. (t=2.30, tcrit=2.06, p<0.05).  
The relationships between OC concentration in eroded soil and rainfall-runoff 
statistics was less conclusive (Appendix Table 6.7). Creosote was the only 
monitored site to consistently show a positive, statistically significant relationship. In 
contrast the other sites showed no significant overall trends.  
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Figure 6.13 Mean OC concentration (mg g-1 ± SE) in eroded sediment over (a) sites in the basin and 
(b) sites at Los Piños.  
6.5.3. Event organic carbon losses 
When investigating carbon dynamics and how these change across the monitored 
grass to woody transitions; it is not only important to consider the concentrations of 
OC, but also overall losses from each event. Losses or ‘event yields’ were calculated 
for individual events by multiplying measurements of OC concentration (mg g-1) by 
the overall event eroded sediment to calculate an OC loss (g) for the 300m2 site 
area. Grass and Woody sites show significant differences in the event loss of OC 
(t=2.35, tcrit=2.07, p<0.05), these relationships are illustrated in Figure 6.14. In 
contrast to the OC concentrations of eroded sediment there was no significant 
difference between the loss at the sites within the basin and those at Los Piños.  
The relationship between rainfall-runoff, sediment and OC loss are presented in 
Appendix Table 6.8. Generally, the regression relationships showed a better fit, 
steeper trendline and higher maximums for the woody study sites compared to the 
grass study sites. All sites except grass at Los Piños showed a significant positive 
relationship to ER (p<0.05, Appendix Table 6.8), whilst the woody sites both showed 
a significant positive relationship to intensity, but the grass sites didn’t. OC loss at all 
sites showed a very significant (p<0.01) relationship between Qt (Figure 6.15). All 
except the grass in basin site, also showed a significant positive relationship with RC 
(p<0.05), whilst finally all showed a very significant relationship with eroded sediment 
(p<0.001). The strong relationship with sediment was to be expected, as it was used 
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in the calculation of OC loss and therefore cannot truly be regarded as an 
independent controlling factor. 
 
Figure 6.14 Mean event OC loss (g ± standard error) for all events over (a) sites in the basin and (b) 
sites at Los Piños.  
 
 
Figure 6.15 linear regression relationships between Qt (total discharge (l)) and organic carbon loss 
(OC loss, g). Relationship statistics are detailed in Appendix Table 6.8. 
 
6.5.4. Organic carbon enrichment in eroded sediment 
 
PSD showed variation between the source surface soil and sediment eroded during 
rainfall-runoff events. Across all sites, selective sediment entrainment and transport 
was found to lead to depletion in the coarse pebble fraction relative to soil and an 
enrichment of the fine fraction, particularly clay. It is to be expected that the 
mechanical processes involved in selective entrainment, transportation and 
deposition of sediment that vary with event characteristics can also be expected to 
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affect the levels of OC in eroded sediment, relative to the mean OC levels in surface 
soil. 
The carbon enrichment ratios for each event across all four monitored sites are 
presented in figure 6.16, showing that the enrichment ratio of OC varied considerably 
between events and between study sites.  From Table 6.2 it can be seen that on 
average, the woody sites showed overall higher enrichment ratios relative to their 
comparative grass sites, with the highest mean enrichment ratio being found at the 
creosote site in the basin. When enrichment ratios were compared with event 
characteristic data, there was a positive (although non-significant p>0.05 R2=0.2) 
relationship between enrichment ratio and event rainfall. Organic carbon also 
showed weak relationships with the particle size of eroded sediment (Figure 6.17) 
showing a positive (but non-significant p>0.05) relationship with increasing silt and a 
negative (p>0.05) relationship with sand. 
 
Figure 6.16 Soil organic carbon enrichment ratio, relative to surface soil for each rainfall-runoff event, 
a value above one indicates enrichment whilst below one indicates depletion over (a) sites in the 
basin and (b) sites at Los Piños. 
 
Table 6.2 Mean OC enrichment ratio values relative to surface soil at each site. Results include 
standard error values, whilst results followed by the same letter are not statistically different (p<0.05). 
 
Study site Mean OC Enrichment Ratio ±SE 
Grama Grass in Basin 1.19±0.16a 
Creosote in Basin 4.45±2.29b 
Grama Grass at Los Piños 1.62±0.26a 
Piñon-juniper at Los Piños 1.90±0.23c 
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Figure 6.17 The relationship between % PSD of eroded sediment and OC levels in eroded sediment 
for across all events at all sites.  
 
6.5.5. Inorganic carbon losses 
 
As discussed in Chapter 5, SIC concentrations in soil varied between sites. 
Summary statistics for IC are presented in Table 6.3. There was a significant 
difference between concentrations between the sites in the basin and those at Los 
Piños (t= 4.80, tcrit=2.02, p<0.05). In addition to higher concentrations, IC also made 
up a significantly greater percentage of eroded carbon in the basin compared to Los 
Piños sites (t=5.96, tcrit=2.02, p<0.05). However, despite the differences between 
basin and Los Piños sites, woody sites showed both greater concentrations (in 
basin: t=2.68, tcrit=2.10, p<0.05 at Los Piños: t=1.53, tcrit=2.14, p>0.05) and mean 
event losses (t=3.82, tcrit=2.10, p<0.05 at Los Piños: t=2.38, tcrit=2.14, p<0.05) of IC 
compared to their grassland counterparts. 
Table 6.3 Inorganic carbon (IC) summary statistics. From left to right: mean IC concentrations in 
eroded sediment, mean IC event loss, mean IC enrichment ratio, mean % IC (relative to TC). Results 
include standard error values, whilst results followed by the same letter are not statistically different 
(p<0.05). 
Study Site IC mg g
-1
 ±SE IC loss (g) ±SE Enrichment Ratio ±SE IC % ±SE 
Grama Grass in Basin 13.25±1.74a 2.94±1.50a 1.94±0.26a 54.48±4.50a 
Creosote in Basin 30.40±4.94b 43.03±24.97b 1.95±0.35a 54.79±4.87a 
Grama Grass at Los Piños 4.17±0.43c 1.67±1.05a 1.59±0.19a 13.98±1.71b 
Piñon-juniper at Los Piños 6.93±0.44c 9.28±2.85c 2.02±0.18a 12.86±0.98b 
 
As with OC, IC showed overall positive enrichment ratio’s relative to weighted site 
soil surface values. However, there was no significant difference in enrichment ratio 
values between the sites (t=1.48, tcrit=2.14, p>0.05). A summary of linear regression 
results is included in Appendix Table 6.9 with event inorganic carbon losses showing 
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an overall positive relationship to rainfall-runoff event characteristics and closely 
mirroring those found for organic carbon losses. The strongest relationships were 
found between inorganic carbon and total discharge, maximum discharge and 
eroded sediment, all showed a significant positive relationship (p<0.05) with high R2 
values of between 0.73-0.98 (Appendix Table 6.9). 
 
6.5.6. Within event carbon dynamics 
As observed in section 6.4.3 runoff events over the monitored sites exhibited flashy 
hydrograph characteristics with rapid and brief runoff responses to rainfall. It was 
observed that trends in suspended sediment concentrations followed those of 
discharge, with peaks in discharge closely corresponding to peaks in suspended 
sediment concentrations. Therefore, in addition to water and sediment fluxes, it is to 
be expected that carbon fluxes also showed variation throughout events.  
Figure 6.20 presents hydrographs for example events from each site. In addition to 
rainfall and discharge, inter-event measurements of OC, DC, DOC and DIC are 
presented. These measurements were taken from the 1 l ISCO auto sampler 
samples, with OC calculated from the suspended sediment and DC/DOC/DIC 
measured in the collected water samples.  
OC concentrations (Figure 6.18) showed a close positive relationship to event 
discharge, with a statistically significant correlation between the two (p<0.01). OC in 
suspended sediment also showed significantly higher levels of OC in suspended 
sediment eroded from woody sites in contrast to grass sites (t=4.45, tcrit=2.03, 
p<0.05). In contrast there were no overall significant differences between sites in the 
basin and at Los Piños.  
 
 6. Differences in Function 
160 
 
 
Figure 6.18 Mean values of OC (mg g-1 ± standard error) collected from inter event sampling of 
suspended sediment over (a) sites in the basin and (b) sites at Los Piños.  
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Figure 6.19 For two sample events from each site an illustration of the relationship between 
discharge (Q) and OC in suspended sediment concentrations (mg g-1) and dissolved carbon 
(Total=DC, inorganic=DIC, organic=DOC, mg l-1). Data points indicate a) the timing of the sample 
during the event and b) the carbon concentration for that sample. 
Levels of dissolved carbon also showed variation throughout rainfall-runoff events 
(Figure 6.19) and between sites (Figure 6.20) and these were measured as total 
dissolved carbon, before being separated into inorganic (DIC) and organic (DOC) 
dissolved carbon. The grama grass site in the basin showed the lowest mean 
concentration of DC (9.6 mg l-1)  however, overall there was no significant difference 
between the sites (p>0.05). DOC made up the main component of DC, accounting 
for a mean of 74% DC overall. There was also variation in the DIC: DOC ratio 
between sites. The creosote site had a significantly lower overall percentage of DOC 
than the other sites (67%, P<0.05). DC, DIC and DOC all showed significant overall 
correlations to Q (P<0.01).  
 
Figure 6.20 Mean levels of dissolved carbon in water samples, collected throughout rainfall events 
(mg l-1 ± standard error, DC= total dissolved carbon, DIC= dissolved inorganic carbon, DOC = 
dissolved organic carbon) over (a) sites in the basin and (b) sites at Los Piños.  
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Inter event carbon loads  
Inter-event dissolved and suspended carbon concentrations showed little variation, 
throughout and between events (Figure 6.19). However, as with suspended 
sediment and particle size distribution, it is important to combine concentrations with 
discharge, to calculate loads and thus, understand dissolved carbon dynamics. 
Figure 6.21 shows dissolved and suspended carbon loads throughout events, 
typically closely following the hydrograph in terms of peak loads. 
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Figure 6.21 For two sample events from each site an illustration of the relationship between 
discharge (Q) and OC in suspended sediment loads (mg l min-1) and dissolved carbon loads 
(Total=DC, inorganic=DIC, organic=DOC, mg l min-1). Data points indicate a) the timing of the sample 
during the event and b) the carbon loads at that point in time.  
 
Due to the limited extent of inter-event samples and the observed variation in 
dissolved carbon concentrations with discharge, there is a large degree of 
uncertainty in estimating total carbon losses from the study sites as dissolved carbon 
and as carbon associated with suspended sediment. However, in an attempt to 
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examine the mean differences between sites, Table 6.4 combines event total 
discharges for each site, with mean carbon concentrations to give estimated mean 
suspended sediment and dissolved carbon event yields. Table 6.4 indicates that 
rainfall-runoff events at woody sites result in significantly greater (p>0.05) losses of 
suspended sediment associated organic carbon and dissolved carbon, compared to 
grassland sites. 
Table 6.4 Estimates of mean suspended sediment and dissolved carbon losses for each study site. 
Means calculated for each site using total discharge for each event multiplied by mean carbon 
concentrations from inter-event sampling. SS OC= organic carbon associated with suspended 
sediment, DC = total dissolved carbon, DIC = dissolved inorganic carbon, DOC = dissolved organic 
carbon. Results include standard error values, whilst results followed by the same letter are not 
statistically different (p<0.05). 
 Study Site SS OC±SE (g) DC ±SE (g) DIC±SE (g) DOC±SE (g) 
Grama Grass in Basin 1.25±0.42a 0.94±0.21a 0.22±0.11a 0.71±0.31a 
Creosote in Basin 19.49±4.71b 5.01±0.52b 1.71±0.32b 3.27±0.96b 
Grama Grass at Los Piños 5.45±1.65c 2.11±1.46c 0.54±0.23c 1.56±0.26c 
Piñon-Juniper at Los Piños 25.27±8.82d 5.43±2.76b 1.02±0.42d 4.41±1.34b 
 
6.6. Summary of key results  
To summarise results from Chapter 6, Table 6.5 describes the key measured 
variables, highlighting that compared to the comparative grass sites, woody sites 
show, higher runoff coefficients and maximum discharges, whilst eroded sediment 
from woody sites showed higher concentrations of carbon (both in bulk and 
suspended sediment). Additionally runoff from woody sites was higher (though not 
significantly p>0.05) at the woody sites compared to their comparative grassy site. 
Additionally, discharge, total sediment loss, total organic matter loss and organic 
carbon loss) have also been transformed into yields by dividing the mean total 
values by the study site area (Table 6.6). Analysis of yields indicates that per unit 
area (m2) woody sites lost significantly greater quantities (p<0.05) of water, 
sediment, organic and inorganic carbon, during rainfall-runoff events. 
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Table 6.5 Summary of the variation in key monitored variables between sites. RC=runoff coefficient, 
Qm = maximum discharge, IC = inorganic carbon, OC = organic carbon. Results include standard 
error values, whilst results followed by the same letter are not statistically significant (p<0.05). 
Site RC Qm (l min
-1
) IC (mg g
-1
) OC (mg g
-1
) OC suspended (mg g
-1
) OC dissolved (mg l
-1
) 
Grama Grass in Basin 0.04±0.02a 7.64±3.60a 13.25±1.74a 3.68±0.50a 17.20±0.41a 7.37±0.24a 
Creosote in Basin 0.11±0.03b 51.15±18.64b 30.40±4.94b 13.79±6.40b 33.73±4.14b 8.32±0.36a 
Grama Grass at Los Piños 0.07±0.02a 19.82±16.77c 4.17±0.43c 19.88±2.77c 17.65±1.02a 10.32±0.48b 
Piñon-juniper in Basin 0.12±0.03b 32.97±9.29d 6.93±0.44d 29.35±4.17d 22.74±1.85c 10.59±1.48b 
 
Table 6.6 Key results converted into yields. Q = discharge, ES = eroded sediment yield, OM = organic 
matter, OC = organic carbon, DOC = dissolved organic carbon. Results include standard error values, 
whilst results followed by the same letter are not statistically significant (p<0.05).  
Site Q (l m
-2
) ES (g m
-2
) IC (g m
-2
) OC (g m
-2
) DOC (g m
-2
) 
Grama grass in Basin 0.32±0.19a 0.77±0.35a 0.01±0.00a 0.003±0.00a 0.0024±0.001a 
Creosote in Basin 1.31±0.65b 3.44±1.37b 0.13±0.08b 0.112±0.09b 0.0107±0.007b 
Grama grass at Los Piños 0.50±0.19a 1.22±0.61c 0.01±0.01a 0.030±0.02c 0.0052±0.002c 
Piñon-juniper at Los Piños 1.41±0.41b 4.54±1.52b 0.03±0.01c 0.151±0.051b 0.0153±0.006b 
 
6.7. Discussion  
Discussion of rainfall-runoff relationships 
Over both grass-woody vegetation transitions, woody sites showed a significantly 
higher (p<0.05) mean runoff coefficient, maximum discharge and total discharge. 
Higher runoff responses at woody dominated sites are thought to  result from a 
change in vegetation structure and concentration of runoff in inter-vegetation bare 
areas (Wainwright et al., 2000) therefore runoff initiation requires less volume and 
intensity of rain (Wilcox et al., 2003a, Abrahams et al., 2003, Abrahams et al., 1995).  
In addition to the overall mean disparity in response between the grass and woody 
sites, for all investigated runoff indices, the sites showed substantial inter-event 
variation, resulting from variation in rain event characteristics. The nature of 
relationships varied between sites, indicating the soil and vegetation characteristics 
(structure), influenced the functional response with regard to losses of water, 
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sediment and carbon. The relationship between event rain and total discharge was 
the most unambiguous, with all sites showing a statistically significant, positive linear 
relationship, between event size and resulting discharge. Previous research has also 
demonstrated the importance of rainfall intensity in influencing runoff coefficients and 
total discharge (Wainwright and Parsons, 2002, Bochet et al., 2006), regression 
relationships with intensity all showed a positive relationship. However, these 
relationships were not statistically significant.  
It was noticeable from the linear regression relationship presented; that in the 
majority of cases the regression relationship was steeper for the woody-dominated 
sites. The accentuated relationship suggests that woody-dominated sites not only 
initiate runoff at lower rain event thresholds, but are also susceptible to much higher 
levels of runoff following larger or more intense rainfall events. Results, show the 
importance of the relationship between vegetation cover and rainfall characteristics 
in determining runoff (Bochet et al., 2006). Studies across the grass-to-shrub 
transition in the Rio Grande Basin (Mueller et al., 2008, Mueller et al., 2007) found 
hydrologic response to be highly sensitive to spatial structure, with the transition from 
grass to shrub dominated landscapes, resulting in more connected flow generating 
areas and reduced transmission losses; all of which result in higher losses from 
shrubland. Furthermore, this study found the same overall trend of runoff response 
to be replicated in the grass to woodland transition in the Los Piños Mountains (i.e. 
on average wood sites showed ca. 4x greater total discharge than their grassland 
counterparts).   
As discussed in Chapter 5 there were abiotic and biotic differences in the two 
monitored grass-to-woody vegetation transitions. However, in Chapter 5 it was found 
that despite these differences, both transitions showed an overall reduction in 
vegetation cover and increase in bare areas on the woody study sites. It was 
hypothesised that similarity in structural change would lead to a comparable 
functional change, resulting in a significantly greater rainfall-runoff response on the 
woody study sites in contrast to the grass study sites.  Analysis, of mean runoff 
coefficients, maximum and total discharges all showing statistically significant 
(p<0.05) differences between grass and woody sites, but not between the two grass 
sites or between the two woody sites. Thus, results supports the widespread 
evidence for creosote shrubland showing an accentuated hydrological response, 
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relative to grassland (Parsons et al., 1996, Abrahams et al., 1995, Turnbull et al., 
2010b) and the more limited evidence for similar processes occurring in piñon-
juniper woodland (Reid et al., 1999, Wilcox et al., 2003b). Importantly this study, 
using the same experimental framework over both contrasting, grass-to-woody 
vegetation transitions, showed that both woody-dominated landscapes show a 
similarly accentuated hydrological response to rainfall. 
Discussion of sediment responses 
Eroded Sediment  
The amount of sediment eroded during rainfall-runoff events, will vary with 
vegetation structure as a result of its control over infiltration rates (Abrahams et al., 
1995, Bhark and Small, 2003), hydrological connectivity and runoff energy (Van 
Nieuwenhuyse et al., 2011) and its role in physically protecting the soil (Bird et al., 
1992). Moreover, the soil properties, particularly in bare areas will affect the 
erodibility of different particle size classes and the armouring effect of coarse 
pebbles, sometimes known as stone pavement (Thomas, 2011, Parsons et al., 1992) 
with sandy loams characteristically developing a ‘surface shield’ of rough sediment 
(Armstrong et al., 2012). As illustrated in Chapter 5 across the monitored sites, there 
was a variation in both vegetation and soil structure. The significantly higher (p<0.05) 
rainfall-runoff response observed at the woody sites can be hypothesised to lead to a 
greater erosive energy and therefore the potential for greater loss of sediment from 
bare areas (Wilcox et al., 2003a, Neave and Rayburg, 2006). As the woody sites had 
a significantly greater (p<0.05) percentage of bare ground they would therefore be 
expected to experience greater erosion of sediment. Results showed the woody sites 
to have significantly higher (p<0.05) mean sediment event yields than their grassland 
counterparts (Table 6.6) whilst eroded sediment was positively (p<0.05) related to 
event indices across all study sites. Whilst eroded sediment was positively related to 
total discharge, the relationship with the maximum rate of discharge was stronger, 
displaying a near perfect linear relationship (R2 of 0.8 for the study sites in the basin 
and 1 for the Los Piños study sites). Results suggest that higher rates of discharge 
were associated with higher flow energy and resulted in greater flow detachment and 
transportation of sediment.  
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In addition to the significantly higher mean sediment yields (p<0.05) being lost from 
the woody sites, analysis of the linear regression equations showed an overall 
stronger positive relationship with rainfall-runoff indices, compared to the grass sites. 
Thus, results suggest that the greater fluvial response experienced on the woody 
sites translated into larger sediment losses. Both woody study sites show significant 
(p<0.01) linear increases in sediment yield with discharge and it has previously been 
proposed that due to the ephemeral nature of dryland flow, transport is usually 
controlled more by the flow characteristics rather than available sediment supply 
(Tooth, 2000, Thomas, 2011). From the much lower mean values and in some cases 
lower regression slope experienced across the grass-dominated sites, it is possible 
to infer that erosion and resulting total event sediment yields were transport limited at 
the grassland sites. Transport limitation at grassland sites result from the higher 
vegetation coverage on the grass sites, restricting connectivity and therefore, the 
energy required for erosive overland flow to occur. Previous research found woody-
dominated landscapes to show lower friction and higher flow velocities under rainfall 
simulation (Puigdefábregas, 2005) which will facilitates the greater erosion observed 
in this study. Furthermore, increased grass vegetation cover results in increased 
transmission losses and offers greater structure protection to surface soil, further 
limiting the potential for erosion (Parsons et al., 1996). 
Suspended sediment 
Suspended sediment concentrations were on average higher at the woody sites than 
comparative grass sites (Figure 6.10). A combination of higher average and peak 
suspended sediment concentrations, higher peak discharge and resulting higher 
yields of suspended sediment illustrate why the creosote site experienced much 
larger mean sediment yields than the grass site. At the Los Piños sites, the highest 
discharge was actually experienced on the grass study site; however, this high 
discharge was not matched by a comparative sediment concentration, which was 
higher at the piñon-juniper study site. Event hydrographs and corresponding trends 
in suspended sediment also highlighted the importance of peak discharges following 
intense rainfall events (Figure 6.11). As indicated by the rapid rising and falling limbs 
in the suspended sediment trends, levels of sediment increase and decrease with 
discharge, indicating a transport limitation effect with previous research supporting 
this conclusion (Sutherland and Bryan, 1990, Parsons et al., 2009) unlike in other 
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studies finding, peak suspended sediment may be reached before peak discharge, 
due to the depletion of source material (Nadal-Romero et al., 2008). The importance 
of high peak discharge rates highlights the importance of intense summer rainfall-
runoff events as key geomorphological drivers at the SNWR and comparable semi-
arid landscapes. 
 
Particle size  
 
Across all sites there was a general decrease in the particle size of eroded sediment 
relative to the site surface soil. Previous work argues that soil erosion by water 
results in the preferential and selective erosion of fine sediment (Parsons et al., 
1996). When examining the PSD of eroded soil and the enrichment ratios, it is 
important to put results into the context of overall sediment losses. Whilst there may 
be little difference in the PSD of eroded sediment between sites, results have 
showed that the sediment yields for the study sites were greater and therefore there 
is a difference in the overall amount of each sediment class being lost from the study 
sites. Therefore, whilst sediment eroded, on average may have no significant 
difference in the percentage contribution of particle size classes, due to greater total 
yields, the actual loss of each class was greater from the woody sites. Additionally, 
as supported by the coarsening found in bare areas (Chapter 5) progressive erosion 
of nutrient rich fine sediment may leave inter-patch areas ‘armoured’ by coarse 
sediment (Canfield et al., 2001, Wainwright et al., 1999)  with enrichment ratios 
indicating coarse material is being left behind, so whilst still runoff generating, rainfall 
events will not result necessarily result in the sediment and nutrient rich fluxes that 
may be expected.  
Across all sites the percentage sand and percentage silt showed significant 
relationships (p<0.01) to event rainfall. The percentage sand showed a negative 
relationship to rainfall (R2 = 0.5) whilst silt shows a positive relationship to rainfall (R2 
= 0.5), perhaps suggesting that in larger rainfall events, more sediment is eroded 
from the higher vegetation patches  (Michaelides et al., 2009), which Chapter 5 and 
previous research (Parsons et al., 1991) showed to have a higher proportion of fine 
sediment. In contrast to the trends shown by silt and sand, there were no clear 
relationships observed between event characteristics and the proportion of clay and 
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pebbles in eroded sediment. The relationships observed between class size 
percentages and event characteristics can be explained by the different particle size 
characteristics. Pebbles or coarse sediment, are physically resistant to erosion and if 
eroded, typically only being detached by raindrop impact or carried short distances 
(Parsons et al., 1991). At the other end of the spectrum, clay is ionically bound  and 
whilst vulnerable to erosion, will not be affected by rainsplash detachment, to the 
same extent that fine sand particles will be (Ehrlich and Newman, 2009). It is 
believed that the erodibility of clay is controlled more by chemical processes 
including the presence of calcium carbonate at the sites which has been shown to 
lead to flocculation of clay into aggregates (McAuliffe, 1994). 
Discussion of carbon losses 
Higher losses of sediment from woody sites concurred with increased concentration 
of OC in eroded sediment, relative to comparative grassland sites (Figure 6.13). 
Weighted site averages presented in Chapter 5, showed SOC levels to be higher 
overall at the woody sites, so it follows that levels in eroded sediment would be 
higher. However, it might also be expected that the bulk of material lost from woody 
study sites comes from easily eroded bare areas (Ludwig et al., 2005, Manjoro et al., 
2012). As described in Chapter 5, bare areas had lower SOC concentrations than 
vegetation patches, so the higher levels of OC in eroded sediment, suggests that at 
either some material sediment is being lost from the vegetation patches, as has been 
indicated by biogeochemical tracing signatures (Puttock et al., 2012) or that the 
observed selective transport of finer particle sizes is responsible for the observed 
high OC concentrations of eroded material (Ravi et al., 2010, Jin et al., 2009). 
In addition to looking at overall site mean values, it is important to acknowledge the 
extensive variability associated with event characteristics. Yields of sediment 
associated carbon showed an overall positive relationship with indices representing 
the magnitude of rainfall-runoff events. The positive relationship between carbon and 
event size suggests there are processes operating in larger events that result in a 
greater level of SOC being eroded. These include water flowing over the site surface 
with a greater energy therefore having the power to transport OC rich sediment. An 
additional explanation, supported by the highest enrichment ratios being found for 
high intensity events on the woody sites; is that during events, flow varies temporally 
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with rainfall characteristics (Wainwright and Parsons, 2002), during small events 
being restricted to easily connected bare areas (Van Nieuwenhuyse et al., 2011), 
whilst during large flow events, even densely vegetated areas may experience runoff 
(Bochet et al., 2006). More widespread flow or even sheet flow  (Dlamini et al., 2011) 
would mean material is also lost from woody islands which as shown in Chapter 5 
were higher in SOC. This would also explain the presence of enrichment ratios less 
than 1 for smaller events (Figure 6.16), which could indicate flow, is concentrated or 
restricted to the interpatch areas which have lower SOC levels than the study site 
weighted mean.  
Besides the positive linear regression relationships discussed throughout this 
chapter, the influence of event characteristics on function can be seen through the 
enrichment or depletion of sediment and OC concentrations relative to the study site 
values determined (Chapter 5). It has been found that across all the sites monitored, 
higher event magnitudes resulted in an increased entrainment and transportation of 
the silt fraction, at the expense of the sand fraction. Concurrent with this was an 
increased concentration of OC, believed to be preferentially associated with finer soil 
fractions (Jin et al., 2009). Results showed that PSD, particularly for sand and silt, 
changes with event magnitude. A higher percentage contribution of the nutrient rich 
silt fraction in larger rainfall events providing a further explanation for the overall OC 
enrichment observed in larger events.  
SIC is viewed as recalcitrant relevant to organic carbon and therefore not such a 
dynamic component of the global carbon budget, for example the turnover rate of 
inorganic carbon in soils in New Mexico has been estimated at 120 years (Monger 
and Gallegos, 2002). Therefore, the distribution, quantity and dynamics of SIC have 
received much less attention than those of organic carbon (Wu et al., 2009). Results 
presented in Chapter 5 illustrated that SIC levels were significantly higher (p<0.05) at 
the basin sites (ca. 80 % of total carbon) compared to the Los Piños sites (ca. 20 % 
of total carbon). Consequently IC concentrations in eroded sediment were also 
significantly higher (p<0.05) in the basin sites. Furthermore, IC concentrations in 
eroded sediment over both transitions were higher at the woody sites, supporting 
previous research indicating preferential erosion in bare areas can expose 
underlying caliche layers, resulting in higher IC levels in surface soil (Ewing et al., 
2007, Lal et al., 1999). IC levels in eroded sediment also showed enrichment, 
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relative to soil levels. However, unlike for OC enrichment levels did not show notable 
variation between sites. Moreover, IC levels made up a lower percentage of carbon 
in eroded sediment compared to surface soil (ca. 55 % of total carbon at the basin 
sites and ca. 15 % at the Los Piños sites), perhaps highlighting the preferential 
erosion of OC due to its low density and association with finer soil fractions (Quiroga 
et al., 1996, Sharma et al., 2012).  
Whilst uncertainty remains about the role of IC in drylands with regard to the global 
carbon budget (Wu et al., 2009), it is estimated that dryland soils contain as much or 
possibly more IC, than OC (Batjes, 1998, Eswaran et al., 2000, Schlesinger, 1982), 
with estimates ranging from twice to ten times as much. Results presented here and 
in Chapter 5 indicate that woody encroachment results in (a) greater IC in bare areas 
and (b) greater fluvial fluxes, losses and redistribution of IC. Thus, results suggest IC 
dynamics in semi-arid areas undergoing change is an important area for further 
investigation, both in terms of physical redistribution (i.e. fluvial processes) and 
chemical reactions (i.e. the reaction between calcium carbonate and often slightly 
acidic rain, resulting in CO2 emissions (Emmerich, 2003)). 
Inter-event sampling allowed investigation and inter-site comparison of carbon 
dynamics associated with suspended sediment and also dissolved in runoff. Along 
with higher bulk sediment yields, the woody sites showed greater suspended 
sediment yields. Organic carbon concentrations, in suspended sediment were on 
average significantly higher (p<0.05) at the woody sites, which combined with an 
accentuated runoff response resulted in significantly higher (p<0.05) event yields 
compared to the grassland sites. The higher yields from woody sites suggest that the 
overall higher levels of discharge and erosion experienced across the woody study 
sites were driving factors for the greater losses of OC associated with suspended 
sediment, supporting previous research that has shown rainfall-runoff event 
magnitude to be an important driver of OC losses (Jin et al., 2009) which therefore, 
corresponds closely to runoff (Bellanger et al., 2004). 
Whilst less is known about the DC pool and its dynamics (Michalzik and Matzner, 
1999) the leaching and translocation of DOC, is believed to be a major process 
leading to the depletion of the SOC carbon pool (Lal, 2002). Previous studies have 
shown concentrations of DOC to be linearly related to  runoff (Findlay and 
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Sinsabaugh, 2002) and  to vary with land cover or use in drylands (Pardini et al., 
2003) and the change in structural  between grass and woody environments may 
therefore be expected to alter DOC dynamics and yields. DOC concentrations 
(Figure 6.21) varied little between the study sites suggesting that, despite changes in 
ecosystem structure, there was little difference in size or lability of the pool of DC 
available between the study sites. Previous work has documented the impact of UV 
radiation in the photodegradation of organic material and the resulting DOC 
availability (Julian et al., 2008) UV solar radiation may increase photosynthetic 
activity and production of DOC, or conversely might reduce DOC stocks via 
photobleaching and photooxidation (Stanley et al., 2012). At the SNWR and other 
comparable semi-arid environments, high levels of sunshine may therefore be key 
controls on DOC availability. There was limited evidence of site specific DC 
concentrations; for example runoff from the creosote study site shows the highest 
level of DIC, which most likely reflects the higher levels of carbonates in the soils at 
the basin sites. In contrast the sites at Los Piños generally show overall slightly 
higher concentrations of DOC, reflecting the higher background SOC values at these 
sites. DC, DIC and DOC concentration did however, all show significant overall 
correlations to Q (P<0.01), indicating as with suspended sediment, the dissolved 
component of the fluvial carbon flux responded positively to the higher energy 
conditions and moisture availability associated with increased discharge (Cooper et 
al., 2007). However, results suggest the difference in total yields of DC between the 
study sites far outweighed any intra-site or inter-site variation.  As woody sites 
experienced significantly greater (P<0.05) mean event runoff, this resulted in a 
corresponding significantly (P<0.05) greater flux in DOC. 
6.8. Conclusion 
This chapter addressed Research Objective 2: To quantify fluxes of water, sediment 
and carbon over the transition from grama grass to creosote shrubland and over the 
transition from grama grass to piñon- juniper woodland. This objective seeks to 
determine whether differences in ecosystem structure across vegetation transitions 
(as investigated in Chapter 5) result in significant differences in hydrological function. 
The analysis for this research objective assumed the overall null hypothesis: 
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H0: Fluxes of water, sediment and carbon show no significant difference between 
grass and woody sites. 
Results illustrate that fluvial response varied, both between monitoring sites and also 
between rainfall-runoff events. Such variability suggests that hydrological function is 
controlled by both the biotic-abiotic structure of the landscape and abiotic external 
drivers, in this case rainfall event characteristics.  In addressing Research Objective 
1, Chapter 5 concluded that: study sites showed an increased heterogeneity in the 
spatial distribution of vegetation cover, distribution and soil carbon properties. The 
increased heterogeneity and reduced percentage cover of vegetation might be 
expected to lead to an increased rainfall-runoff response and higher discharge from 
woody study sites. Results in this chapter support that assertion. Overall woody sites 
showed a higher runoff coefficient, maximum discharge and total discharge. Woody 
study sites showed on average significantly higher (p<0.05) event yields of carbon. 
Therefore this allows the null hypothesis for Research Objective 2 to be rejected and 
the alternative hypothesis that: woody vegetation cover results in significantly higher 
fluvial fluxes of water, sediment and carbon, when compared to grassland, accepted 
with a strong degree of confidence. This conclusion provides strong evidence that 
ecosystem structure constitutes a key control on the function of semi-arid 
environments. 
An additional emphasis of the analysis carried out in this chapter has been to 
compare and contrast the rainfall-runoff and hydrological response of the two 
vegetation transitions that have been characterised, which addresses the function 
component of Research Objective 3: To compare and contrast ecosystem structure, 
function and connectivity over the transition from grama grass to creosote shrub and 
over the transition from grama grass to piñon-juniper woodland. This analysis 
assumed the overall null hypothesis:  
H0: The transition from grass to creosote and grass to piñon-juniper dominated 
landscapes, results in no significant difference in fluxes of water, sediment and 
carbon. 
Chapter 5 concluded that whilst there were measurable differences in the structure 
of the creosote and piñon-juniper, the overall trends and patterns are the same. The 
rainfall-runoff results, to an extent support this. There were measurable differences 
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between the endmember sites, which supports the need for site specific 
understanding and an appreciation of the different vegetation characteristics, when 
attempting to develop an understanding of vegetation transition and associated 
ecohydrological interactions. 
Despite the differences cited, for many of the indices examined, there was no 
significant difference between the two woody sites monitored. Runoff coefficients, 
total discharges and sediment yields, in addition to sediment associated and DC 
event yields showed no significant difference and additionally showed the same 
trends relative to their grassland counterparts. Because of the comparable overall 
trend between grass and woody dominated sites it is argued that the null hypothesis 
for Research Objective 3: The transition from grass to creosote and grass to piñon-
juniper dominated landscapes, results in no significant difference in fluxes of water, 
sediment and carbon is accepted. Unlike Research Objective 2, this conclusion is 
not reached with a high degree of confidence, as results presented in this chapter 
indicate there are differences in the functional response of the two vegetation 
endmembers. However, it is argued that these differences are not as important as 
the matching patterns and therefore implied functional response of water, sediment 
and carbon fluxes. This is an important conclusion to reach, indicating that the biotic 
and abiotic changes in structure associated with semi-arid, grass to woody 
vegetation structures do result in a discernable and comparable change in function. 
Therefore, results support the use of common conceptual and practical approaches 
across grass-woody vegetation transitions encompassing different vegetation types. 
6.9. Key points 
• Over both monitored transitions, woody sites showed significantly greater 
(p<0.05) mean rainfall-runoff coefficients, maximum and total discharges, 
compared to their grassland counterparts. 
• Over both monitored transitions, woody sites showed significantly more 
sediment eroded (p<0.05), compared to their grassland counterparts. 
Suspended sediment concentrations were also on average higher although 
this result was not significant. 
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• Over both monitored transitions, woody sites showed significantly greater 
(p<0.05) mean OC yields, compared to their grassland counterparts.  
• OC concentrations were on average higher in sediment eroded from woody 
sites compared to their grassland counterparts. However, this was only 
statistically significant for OC (p<0.05). 
• IC concentrations were higher at the basin sites (p<0.05) however, due to a 
greater rainfall response, there were greater mean event losses of IC from 
woody sites, regardless of location. 
• Across all sites water, sediment and carbon losses showed an overall positive 
relationship to rainfall-runoff event indices, although the strength and 
significance of these relationships varied. 
• Linear regression trendlines for woody sites generally showed a steeper 
(compared to their grass counterparts) relationship between fluvial fluxes and 
rainfall-runoff indices, indicating an accentuated hydrological response.  
• OC levels in eroded sediment were on average enriched compared to surface 
soils; this enrichment was generally higher in sediment eroded from woody 
sites but varies greatly with event characteristics. 
• Whilst there were no differences between the mean concentrations of DOC 
between study sites, due to higher discharges, woody sites exhibited 
significantly greater mean yields of DOC (p<0.05). 
• Whist differences exist between the woody endmembers, their functional 
response to rainfall-runoff events showed the same trend, relative to their 
comparative grassland sites. 
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7. Differences in ecosystem structure, function and hydrological connectivity 
upon water, soil and carbon losses in semi-arid grass to woody vegetation 
transitions 
 
An edited version of Chapter 7 is published within Earth Surface Processes and 
Landforms (Puttock et al., 2013). 
7.1. Introduction 
It has been observed that woody encroachment is often accompanied by increased 
heterogeneity in vegetation cover, with a transition from relatively homogeneous 
grassland to a vegetation patch and inter-patch structure (Schlesinger et al., 1990, 
Müller et al., 2007a). Such transitions have both biotic and abiotic implications for 
ecosystem structure and function (Turnbull et al., 2010a). Chapter 5 demonstrated 
that over both transitions monitored within this study, difference in vegetation 
structure is accompanied by difference in soil structure and the distribution of soil 
resources. Furthermore, Chapter 6 demonstrated that over both transitions woody 
sites showed a greater hydrological response to rainfall events. Vegetation is widely 
recognised as being a key control on runoff generation and vulnerability to erosion 
(Cammeraat, 2004, Boer and Puigdefábregas, 2005, Bautista et al., 2007) and it has 
been argued that vegetation cover exerts a first order control on hydrological function 
in the form of runoff and erosion (Michaelides et al., 2009). Whilst it is also 
recognised that hydrological function influences and reinforces vegetation structure 
(Schlesinger and Jones, 1984). During rainfall-runoff events, patches of vegetation 
can act as surface obstructions, slowing and trapping runoff and associated 
resources (Ludwig et al., 2005, Wilcox et al., 2003a). The interaction between 
structure and function has been conceptualised as a source-sink system (Reid et al., 
1999, Mayor et al., 2008, Cammeraat, 2004) with bare areas between vegetation 
viewed as runoff-generating source areas, whist vegetation patches act as sinks for 
both water, sediment and nutrients (Brazier et al., 2007). Understanding the spatial 
heterogeneity of these source and sink features is recognised as being key to 
understanding changing function (Van Nieuwenhuyse et al., 2011) with one potential 
approach being the concept of hydrological connectivity.  
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Connectivity has emerged as a key concept across the disciplines of ecology, 
hydrology and geomorphology (Lane et al., 2004, Kimberly et al., 1997, Okin et al., 
2009, Bracken and Croke, 2007) and has been applied to develop understanding of 
the transfer of water and sediment from one part of a landscape to another and the 
coupling between landform units (Bracken and Croke, 2007). Hydrological 
connectivity has been used to refer to the transfer of water across the landscape, 
and the related physical movement of matter (Lexartza-Artza and Wainwright, 2009, 
Pringle, 2003).  
Previous research has proposed various methods to derive metrics of hydrological 
connectivity assessing the applicability of multiple hydrological connectivity metrics 
to relate structure to functional connectivity, including flow length (Van 
Nieuwenhuyse et al., 2011). It has been suggested that increased heterogeneity 
associated with the transition to woody vegetation cover, results in the development 
of longer, more connected flow pathways, which are a key control on hydrological 
function (Wainwright et al., 2011). Metrics for vegetation structure and flow length 
have been applied to distinguish between connected and disconnected patterns in 
simulated models (Western et al., 2001) and also shown to be sensitive to the spatial 
configuration of runoff source and sink areas in semi-arid environments (Mayor et al. 
2008). However, there is a continuing need for empirical data to explore the use of 
connectivity as an explanatory, classification and predictive tool in the functioning of 
semi-arid environments (Pringle, 2003, Mayor et al., 2008). 
Chapter 7 addresses the connectivity component of Research Objective 3: To 
compare and contrast ecosystem structure, function and connectivity over the 
transition from grama grass to creosote shrub and over the transition from grama 
grass to piñon- juniper woodland. 
Specifically this chapter addresses the following null hypotheses: 
1) H0 Over the study sites there is no difference in the mean length of flow pathways 
2) H0 Mean flow path length shows no significant relationship with patterns of fluvial 
fluxes observed over the two grass-woody transitions. 
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7.2. Results  
7.2.1. Difference in structure and Mean Flow Path Length (MFPL) over 
monitored vegetation transitions  
Differences in vegetation strucutre 
Aerial photographs showed that over both vegetation transitions there was an overall 
reduction in vegetation cover from grass-dominated sites, where the majority of the 
surface was vegetated (55% in the basin and 61% at Los Piños), to woody-
dominated sites where the majority of the site was bare ground (79% in the basin 
and 62% at Los Piños; Table 7.1). The grass sites were made up of a combination of 
large and small vegetation patches comprising many individual plants. In contrast, 
the woody vegetation comprised isolated patches of individual or low numbers of 
individual plants surrounded by large bare/degraded interpatch areas (Figure 7.1). 
Semi-variogram analysis provided further evidence for the differences in spatial 
structure of vegetation cover (Table 7.1). Grass sites showed a moderate degree of 
spatial dependence, whilst the woody sites illustrated a strong degree of spatial 
dependence. The strength of the spatial dependence of vegetation cover was 
strongest at the piñon-juniper site, which also exhibited the greatest range at which 
vegetation cover was autocorrelated (3.54 m).   
Table 7.1 Results from digitised site photos showing for each site, surface cover classes, % cover 
and results of semi-variogram analysis  
 
Study site Surface Cover Class % Cover Range (m) Nugget Variance 
Grama Grassland in Basin Bare 45.5 0.73 0.49m 
  Grass 54.5     
Creosote in Basin Bare 79.4 0.93 0.23s 
  Woody 20.7     
Grama Grassland at Los Piños  Bare 39.5 0.84 0.38m 
  Grass 60.5     
Piñon-juniper at Los Piños Bare 62.1 3.54 0.15s 
 Grass 8.97   
  Woody 28.9     
 
Site surface cover, classified as Bare, Grass (Grama sp.) or Woody (Creosote or Piñon-juniper).  
smwNugget variance value letters indicate degree of spatial dependence: s = strong; m = moderate; w 
= weak  
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Table 7.2 MFPL and geospatial statistics for each site calculated using a smooth DEM and vegetation 
weighting layer. 
 
Study site MFPL±SD (m) Range (m) Nugget Variance 
Grama Grassland in Basin 2.44 ± 0.18a 29.5 0.99w 
Creosote in Basin 4.04 ± 2.18b 4.93 0.33m 
Grama Grassland at Los Piños 2.37 ± 0.15a 28.81 0.63m 
Piñon-juniper at Los Piños 4.63 ± 3.90b 7.56 0.15s 
abMean flow length values followed by the same letter are not significantly different (p>0.05). 
smwNugget variance value letters indicate degree of spatial dependence: s=strong; m=moderate; 
w=weak 
 
MFPL results calculated using the detailed DEM are presented in Table 7.3. Results 
showed the woody-dominated creosote site to have significantly longer (t =8.66, tcrit = 
2.06, p<0.05) MFPL (3.7±4.08 m) than the grass-dominated site (1.8±1.96 m). 
Results using the detailed DEM also showed the standard deviation in MFPL to be 
significantly higher at the woody-dominated site (t = 7.22, tcrit = 2.06, p<0.05), 
suggesting increased heterogeneity at the woody site. Geostatistical analysis of the 
results from the high-resolution DEM (Table 7.3) showed that the distribution of flow 
lengths within the sites exhibited a higher degree of spatial dependence at the 
woody site than at the grass site.  
 
Table 7.3 Mean flow length and geospatial statistics for each site calculated using a detailed DEM 
and vegetation weighting layer. 
 
Study site MFPL±SD (m) Range (m) Nugget Variance 
Grama Grassland in Basin 1.8±1.96a 21.5 1.00w 
Creosote in Basin 3.7±4.08b 1.7 0.36m 
abMFPL values followed by the same letter are not significantly different (p>0.05). 
smwNugget variance value letters indicate degree of spatial dependence: s=strong; m=moderate; 
w=weak 
MFPL results calculated using the coarse (Table 7.2) and detailed DEM (Table 7.3) 
showed the same overall trend of longer MFPL and greater standard deviation at the 
woody-dominated sites compared to the grass-dominated sites. For the sites in the 
Basin (where both detailed and coarse DEMs were available) results can be directly 
compared and showed no significant difference in the MFPL calculated using the 
coarse and detailed DEM for the grass-dominated site (t =1.57, tcrit = 2.05, p>0.05) 
and the woody (creosote)-dominated site (t = 1.02, tcrit = 2.05, p>0.05). Standard 
deviations, whilst showing the same overall trend, were significantly higher for both 
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the grass and woody-dominated sites when flow length was calculated using the 
detailed DEM (t = 6.45, tcrit = 2.02, p<0.05). Semi-variogram analysis found flow path 
length for the grass site in the basin to have a weak degree of spatial dependence, 
whilst the woody (creosote)-dominated site showed a moderate degree of spatial 
dependence, for both coarse and detailed DEM’s.  
7.2.2. Differences in hydrological function over monitored vegetation 
transitions 
As covered in more detail in Chapter 6 the response to rainfall events across the 
sites varied with rainfall characteristics. All sites showed a significant (p<0.05) 
positive relationship between total event rain and runoff coefficient (fraction of rainfall 
leaving the site as runoff). However, this relationship varied between study sites 
(Figure 7.2), with woody-dominated sites experiencing a greater range, higher 
maximums and steeper relationships between event rainfall and runoff coefficient.   
 
Figure 7.2. Total event rainfall (mm) and runoff coefficient (RC) from each site. Solid lines represent 
best linear fits to data from each site, to illustrate the overall trend of increasing rainfall resulting in 
runoff with greater total event rainfall, but at decreasing rates in grass compared to woody dominated 
landscapes (as illustrated by dashed arrow).  
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Results from the monitoring of rainfall-runoff events are summarised in Table 7.4. 
Over both transitions, woody sites showed significantly greater mean rainfall-runoff 
coefficients (t = 2.36, tcrit =2.02, p<0.05), total discharge (t = 2.41, tcrit =2.06, p<0.05) 
and sediment yields (t =2.82, tcrit =2.06, p<0.05) compared to their grass-dominated 
counterparts. Furthermore, the increased rainfall-runoff response on the woody-
dominated sites resulted in a significantly higher (t = 2.35, tcrit =2.08, p<0.05) event 
mean OC losses from woody-dominated sites compared to their grass-dominated 
counterparts. 
Table 7.4. Summary statistics for rainfall-runoff events monitored during the 2010/2011 monsoon 
season at the Sevilleta LTER. RC=runoff coefficient; QT=total discharge; Sy=total event sediment 
yield; OC= organic carbon; OC yield = mean event sediment associated OC flux from 300m2 site.  
 
Study site (n) RC±SD Qt±SD (L) Sy± SD(g) OC±SD (mg g
-1
) OC±SD yield (g) 
Grama Grassland in Basin (9) 0.04±0.03a 97±172a 232±313a 3.7±1.5a 1.0±1.3a 
Creosote in Basin (10) 0.11±0.09b 393±616b 1031±1003b 13.8±12.2b 33.5±53.1b 
Grama Grassland at Los Piños (8) 0.07±0.05a 151±167c 365±454a 19.9±9.2c 9.0±15.0c 
Piñon-juniper at Los Piños (5) 0.12±0.08b 417±412b 1361±1152b 29.4±11.8d 44.50±49.5d 
abcdmean event statistics followed by the same value are not statistically different (p>0.05). 
 
7.2.3. MFPL and rainfall as explanatory variables for hydrological function  
The results of multivariate GAM analysis, used to test the effects of site hydrological 
connectivity (as represented by MFPL) and event characteristics on fluvial fluxes are 
summarised in Table 7.5. Results indicated that MFPL and rainfall event 
characteristics explained a considerable amount of the variation in fluvial fluxes, 
signified by the high explained deviance values of between 73.5 - 90.3 % Results of 
model runs, testing MFPL and rainfall event characteristics as separate controlling 
variables, found rainfall characteristics to account for between 65.0 - 67.1 % of 
deviance and MFPL between 11.6 - 17 %. Furthermore model runs testing MFPL 
and rainfall event characteristics separately found both to be significant controlling 
variables of monitored fluvial fluxes (p<0.05). 
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Table 7.5. Summary statistics from GAM model. The full model was run with mean flow pathway 
length (MFPL calculated for all sites from smooth DEM), event rain (ER) and maximum rainfall 
intensity (IM) as controlling variables. Additionally the model was run with only mean flow pathway 
length and only rainfall characteristics. For each fluvial flux (viewed as a dependent variable, 
Q=discharge, OC = organic carbon) the model p value is presented along with explained deviance 
(%), the full model R2 values are also presented.  
 
 Full Model R² Full Model p (%) MFPL-Only p (%) Rainfall Characteristics-Only p (%) 
Total Q (L) 0.54 1e-11 * (85.5) 3.65e-2 * (11.6) 9.64e-14 * (67.1) 
Total Erosion (g) 0.69 3.686e-11 *(83.2) 1.07e-2 * (16.7) 5.3e-11 * (65.0) 
OC Yield (g) 0.5 2.719e-9 * (73.5) 3.62e-2 * (11.6) 7.43e-11 * (65.6) 
*Model p values followed by an asterisk are statistically significant (p<0.05). 
 
7.3. Discussion  
Differences in structure and MFPL over monitored vegetation transitions  
Differences in vegetation strucutre 
Analysis of vegetation cover determined significant differences between grass and 
woody-dominated sites over both monitored transitions (Figure 7.1). Percentage 
cover values (Table 7.1) were similar to those reported in previous studies 
(Abrahams et al., 2006, Parsons et al., 1992). Woody-dominated sites had an 
increased heterogeneity in vegetation structure (Table 7.1), a key factor controlling 
connectivity (Hopp and McDonnell, 2009). However, it is also important to recognise 
that, at the scale being studied, the characteristics of the different woody species 
may have played a major role in determining the pattern of vegetation cover. The 
impact of vegetation size is indicated by the range of autocorrelation in vegetation 
cover which was much greater at the piñon-juniper site (3.54 m) compared to the 
creosote site (0.93 m). Furthermore, unlike in grasslands where individual plants 
have little impact on structure, the age, health and mortality/survival rate of individual 
woody plants may have a significant impact upon structure and resulting 
ecohydrological function. Creosote grows in species poor or single stand 
communities (Marshall, 1995) compared to piñon and juniper which generally grow 
much larger and often in combined mixed stand communities (Nesom, 2003). As well 
as differences in the dominant vegetation species, greater amounts of understory 
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vegetation remain in the inter-woody areas in piñon-juniper woodland, with grass 
cover making up nearly 9% of site cover at the piñon-juniper site (Table 7.1). The 
persistence of grass species in the piñon-juniper -dominated landscape has the 
potential to alter hydrological function, particularly as a result of the influence of 
vegetation as an obstacle to water, reducing overland flow velocities and promoting 
infiltration (Parsons et al., 1996). 
The contrast in the structure of vegetation cover between grass and woody sites is of 
consequence when considering ecohydrological interactions and resultant fluvial 
fluxes. The comparatively high degree of coverage in grama sp.-dominated 
landscapes results in high rainfall infiltration rates and low runoff coefficients. This 
may be due to the relatively high interception of rainfall by grama sp. vegetation 
(when compared with woody species) and the low velocities of overland flow in 
disconnected inter-plant areas. In contrast, the increase in bare ground in woody 
landscapes should lead to a concentration of overland flow in bare inter-woody 
areas, as well as greater fluvial fluxes or redistribution of soil resource around the 
landscape (Wainwright et al., 2000). Inter-woody areas have much lower infiltration 
rates than vegetated areas (Wilcox et al., 2003b) leading to rapid ponding and 
generation of infiltration excess overland flow (Ludwig et al., 2005). Previous field 
studies in semi-arid environments have also demonstrated that infiltration rates are 
greater under woody vegetation (Bhark and Small, 2003). Therefore, both the 
percentage cover and the spatial pattern of cover can be expected to influence 
hydrological connectivity (Bracken and Croke, 2007).  
Differences in MFPL  
The MFPL metric was sensitive to the structural differences exhibited by sites 
dominated by different vegetation cover. Thus, sites dominated by woody vegetation, 
exhibited significantly longer (approximately double) MFPLs than their grass 
dominated counterparts (Table 7.2). Whilst the methodology presented here for 
quantifying MFPL, measures all flow lengths within the studied area, the mean value 
was chosen for use as the metric most suitable for providing a single value 
representing hydrological connectivity. As discussed by Mayor et al (2008) the mean 
value allows the metric to be sensitive to both the longest flow pathways, and also 
the distribution and proportion of sink areas.  
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MFPL calculated using different resolution DEMs 
Topography is an essential element determining functional connectivity and 
hydrological response. Whilst patterns of vegetation cover may mean the landscape 
is structurally connected or disconnected, overland flow, depends not only on runoff 
generation due to infiltration or saturation excess mechanisms, but also contributing 
area and the presence of local slope gradients along which water is routed (Beven, 
1997).  Mayor et al (2008) found flow length values to be only slightly different when 
obtained from high resolution and coarse DEM’s, and argued that the connectivity of 
runoff sources is mainly controlled by the spatial distribution of vegetation patches. 
Results support this conclusion finding no statistically significant difference between 
MFPL calculated using a 0.5 m detailed DEM or a coarse DEM from DGPS surveys.  
For results calculated using detailed DEM’s (Table 7.3), both the grass and woody-
dominated sites show greater deviation in flow lengths compared to calculations 
using the coarse DEM (Table 7.2). However, the trends between grass and woody-
dominated sites were the same with the woody-dominated site (creosote) showing 
standard deviations approximately twice that in the grass site and a moderate 
degree of autocorrelation compared to a weak degree of autocorrelation in the grass-
dominated site. Previous research has highlighted the key role played by structural 
heterogeneity in determining connectivity (Boer and Puigdefábregas, 2005, Van 
Nieuwenhuyse et al., 2011) and results illustrate that increased heterogeneity in the 
pattern of vegetation cover is closely reflected in the length of flow pathways.  
Results do not discount the role of microtopography in influencing hydrological 
function but support previous research finding that the microtopography and soil 
structure exhibited in such semi-arid landscapes is closely related to vegetation 
structure (Parsons et al., 1992, Müller et al., 2008, Michaelides et al., 2009). Clearly, 
a simplified approach to the classification of vegetated areas as sinks and bare 
areas as sources will, to an extent describe the differences in micro-topography that 
exists between these areas.  
Differences in functional response over monitored vegetation transitions 
Results from rainfall-runoff event monitoring suggested substantial differences 
between grass and woody-dominated sites. Overall, woody sites show higher runoff 
coefficients and total discharges, agreeing with existing research, which argues that 
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woody landscapes will experience higher runoff rates (Wilcox et al., 2003a, 
Wainwright et al., 2000). The higher rainfall-runoff response can be expected to lead 
to a greater erosive energy and therefore loss of sediment from these bare areas 
(Wilcox et al., 2003a, Neave and Rayburg, 2006, Boer and Puigdefábregas, 2005). 
Results (Table 7.4) showed woody sites to have, on average, higher sediment yields 
than their grassland counterparts, with the woody sites in the basin and at Los Piños, 
having mean event yields over 1 kg compared to mean yields under 400 g  for the 
grass sites.  
There were significant (p<0.05) differences between event OC yields from the 
woody-dominated sites; which supports the need for a degree of site specific 
understanding and an appreciation of the different vegetation, soil and topographic 
characteristics, when developing an understanding of vegetation transitions and 
associated ecohydrological interactions. However, for the majority of the variables 
examined, there was no significant difference between the two woody end-member 
sites monitored. Runoff coefficients, total discharges, sediment and OC showed no 
significant difference (p>0.05) between the woody-dominated sites located in the 
Basin and at Los Piños, whilst additionally, showing the same overall trends relative 
to their grassland counterparts (Chapter 6). Results support previous studies, 
showing that relative to grasslands, woody-dominated landscapes experience; 
higher runoff coefficients (Parsons et al., 1996) and correspondingly greater levels of 
erosion (Abrahams et al., 1995) resulting in higher losses of sediment and 
associated organic carbon (Brazier et al., 2013). 
Results from rainfall-runoff event monitoring, support the theory that vegetation 
structure exerts a control on hydrological function (Chartier et al., 2011). This 
research also builds on previous studies into ecohydrological interactions over semi-
arid grass to shrub transitions in the US-SW (Turnbull et al., 2010b, Parsons et al., 
1996) whilst expanding understanding to encompass the grass to piñon-juniper 
woody ecotone.  Both grass-to-woody transitions exhibit the same overall functional 
response of water, sediment and OC fluxes. Such a finding is important; indicating 
that differences in structure associated with such semi-arid vegetation transitions 
(Bai et al., 2009, Boutton et al., 1999) do result in a discernible differences in 
function. Whilst not negating the need for site-specific understanding, results support 
the use of common conceptual and practical approaches across grass-woody 
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vegetation transitions encompassing different woody vegetation types as shown 
here, including shrubs and tree species. 
MFPL and rainfall as explanatory variables for fluvial fluxes 
Suitability of MFPL metric 
Previous work has identified a role for connectivity metrics in the ‘quest for a more 
predictive understanding of hydrological connectivity’ (Pringle, 2003, Bracken and 
Croke, 2007), whilst it has also been argued that connectivity measurements may be 
a key step in parameterising successful models of overland flow in semi-arid areas 
(Müller et al., 2007a). Results of this investigation suggest that hydrological 
connectivity provides a useful method by which to classify and evaluate landscapes 
(Van Nieuwenhuyse et al., 2011, Borselli et al., 2008).  
Total discharge and total erosion showed significant (p<0.05) positive relationships 
with MFPL, suggesting, for the events monitored (N= 38), MFPL was a strong 
variable to explain response. Results supported previous studies which found 
positive relationships between vegetation structure, flow length metrics and runoff 
and sediment yields (Mayor et al., 2008, Boer and Puigdefábregas, 2005, Bautista et 
al., 2007). Furthermore, findings established significant (p<0.05) positive 
relationships between the MFPL of sites and eroded OC. Thus, it is argued that in 
semi-arid landscapes undergoing grass to woody vegetation differences (or vice 
versa), changing functional connectivity will be a significant emergent property. 
Furthermore, it is clear that there is potential for a greater fluvial loss of carbon from 
woody-dominated landscapes as a result of longer, more concentrated overland flow 
pathways (Reid et al., 1999, Parsons et al., 1996) that have a higher erosive 
potential, thus, entraining more SOC (Brazier et al., 2013) and potentially leading to 
land degradation (Okin et al., 2009). 
 
Importance of rainfall characteristics 
Whilst results presented in this chapter demonstrate that MFPL may be an important 
explanatory variable for the monitored fluvial fluxes; it is also important to discuss the 
role played by rainfall event characteristics (Cammeraat, 2004). In previous 
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research, Van Nieuwenhuyse et al (2011) found none of the 23 connectivity metrics 
assessed could completely explain the variance exhibited in the hydrological 
response of modelled landscapes. Results presented suggest this may be a result of 
considerable variability in rainfall characteristics. Across all the monitored sites, a 
positive relationship was found between the rainfall event and the runoff coefficient 
(Figure 7.2). The significance and strength of these positive relationships varies but 
their presence suggests that they cannot be discounted from analysis of hydrological 
response. Moreover, rainfall characteristics were shown to be a statistically 
significant variable (Table 7.5), explaining a high level of the deviance in observed 
trends of discharge, sediment yield and OC yields. Whilst the structural differences 
between vegetation types, results in a significant difference (p<0.05) in hydrological 
connectivity and therefore a key control on function, abiotic dynamics (in this case 
rainfall) also act as fundamental controls on hydrological response (Wainwright et al. 
2011).  
Simplifying assumptions of the MFPL metric and issues of scale 
Results presented herein (Table 7.5) showed that a combination of MFPL and 
rainfall characteristics successfully explained the majority of deviance in fluvial fluxes 
for sites at the scale of the study sites (300 m2). Together, the ability of these 
variables to explain observed deviance in fluvial fluxes supports previous conceptual 
approaches addressing the interaction of abiotic and biotic components to determine 
hydrological function (Turnbull et al., 2008b). However, studies have shown the 
monitored hydrological response of catchments to be highly scale dependent, both 
spatially (Wilcox et al., 2003a) and temporally (Wainwright and Parsons, 2002) 
whilst, highlighting the problems associated with upscaling results (Brazier et al., 
2007). The methodology for calculating MFPL is reliant only on topographic and 
vegetation cover datasets, which are available at a wide range of spatial scales. 
Therefore, it could have the potential to be applied as part of a nested spatial 
sampling approach, which has been suggested as a solution for developing 
understanding of connectivity across multiple spatial scales (Wainwright et al., 2011). 
In areas undergoing vegetation transitions, where temporal datasets exist for 
mapping vegetation cover change (Bai et al., 2012, Bai et al., 2009, Goslee et al., 
2003) this method also provides a means by which to investigate changing functional 
response over time as well as space. If MFPL or a similar metric were to be used in 
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a temporal framework it is also important to acknowledge the multidirectional 
feedbacks between structure and functional connectivity (Turnbull et al., 2008b). 
Therefore, unlike the static ‘snapshots’ of vegetation and topographic data used in 
this chapter, an evolving structural dataset would be required to describe change in 
flow path length as a function of vegetation change over decadal to centennial 
timescales. 
The classification of semi-arid environments as source-sink systems in this study is a 
key simplifying assumption. It is recognised that the hydrologic performance of a 
catchment is not temporally static, (Grayson et al., 1997). Therefore runoff 
generating areas and sink areas are similarly not static, but differ with variables such 
as antecedent soil moisture, as the wetter the soil prior to rainfall, the more likely it is 
that overland flow due to saturation excess processes will result (Turnbull et al., 
2010b). In addition, temporal rainfall event characteristics, will also exert an influence 
on the connectivity of runoff generating areas and the resulting length of overland 
flow pathways; generally speaking, the higher the rainfall intensity, the more likely it 
is infiltration excess overland flow will occur, (Wainwright et al., 2011). Moreover, the 
potential for vegetation to trap water, sediment and nutrients will vary within and 
between vegetation species, as will the infiltration capacity of soils beneath 
vegetation, which will also vary with soil characteristics and topography (Ludwig et 
al., 2005). However, it is argued that previous research provides substantial support 
for this source-sink approach and that results presented here provide a strong 
argument for its use as a classification and explanatory metric for developing 
understanding of the relationship between structure and hydrological function. 
7.4. Conclusion 
Across the two semi-arid vegetation transitions monitored, differences in vegetation 
structure resulted in a significant difference in hydrological connectivity as illustrated 
by the length of overland flow pathways. Woody-dominated sites showed 
considerably longer MFPL than their grassland counterparts. Furthermore, MFPL 
calculated using coarse and detailed DEMs produced comparable results, indicating 
that changing vegetation coverage and pattern is strongly representative of the 
structural change associated with grass-woody transitions. Therefore, in addressing 
hypothesis 1 of this chapter (H0: Over the study sites there is no difference in the 
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mean length of flow pathways) the null hypothesis can be rejected and the 
alternative hypothesis, accepted. As such, it is argued that changing hydrological 
connectivity should be viewed as an emergent property of the transition from grass-
dominated to woody-dominated, semi-arid landscapes.  
Concurrent with the observed differences in structure and connectivity, a major 
difference in hydrological function was observed. Rainfall-runoff event monitoring 
showed two distinct types of woody site to exhibit significantly greater runoff 
coefficients, total discharge, sediment yields and organic carbon yields, than 
grassland counterparts. Using MFPL as a metric, hydrological connectivity and 
rainfall event characteristics were shown to be powerful variables for explaining the 
deviance in functional response observed. Therefore, in addressing hypothesis 2 of 
this chapter (H0: Mean flow path length shows no significant relationship with 
patterns of fluvial fluxes observed over the two grass-woody transitions) the null 
hypothesis can again be rejected and the alternate hypothesis accepted. 
Whilst further work is required to assess how flow length varies across spatial scales 
and evolves across temporal scales, it is argued that flow path length provides a 
valuable tool by which to classify hydrological connectivity and to quantify the 
relationship between structure and function in semi-arid environments undergoing 
vegetation change.  
7.5. Key Points 
• Across both monitored grass to woody vegetation transitions, woody sites 
showed significantly greater (p<0.05) calculated mean flow pathway length, 
than their grass counterparts. 
• Longer MFPL values indicated greater hydrological connectivity at the woody 
sites. 
• Calculated MFPL values were lower when using a detailed, as opposed to a 
smooth DEM, representing the role played by microtopography, however, this 
difference wasn’t significant. 
• Increased calculated flow length coincides with an increased structural 
heterogeneity and an increased hydrological function. 
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• MFPL was shown to be a significant explanatory variable (p<0.05), explaining 
patterns of fluvial fluxes. 
• In conjunction with event rainfall MFPL could explain a high proportion of the 
variability observed in fluvial fluxes across all the sites. 
• MFPL results highlight the usefulness of connectivity metrics, both as a 
classification tool and for explaining fluvial fluxes.  
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8. Stable carbon isotope analysis of fluvial sediment fluxes over two 
contrasting C4-C3 semi-arid vegetation transitions 
An edited version of Chapter 8 is published in Rapid Communications in Mass 
Spectrometry (Puttock et al., 2012). 
8.1. Introduction 
Chapter 5 demonstrated that over grass-to-woody vegetation transitions there is a 
change in the biotic structure of vegetation distribution and cover and an associated 
change in the spatial distribution of soil resources and characteristics. Chapter 6 
illustrated that woody sites experienced enhanced fluvial fluxes, including greater 
fluxes of carbon in response to rainfall events, whilst Chapter 7 indicated that 
increased hydrological connectivity associated with woody encroachment could link 
and explain the observed changes in structure and function over the grass to woody 
transitions. 
As discussed in Chapter 1, there is a growing interest in the potential for dryland 
environments to sequester carbon to mitigate greenhouse gas emissions (Bird et al., 
2002), tempered with concern that misinformed management strategies could 
reduce carbon storage potential in dryland soils, or even result in significant carbon 
losses (Breshears et al., 1999). Discrepancies and uncertainties found when 
calculating the potential for soil carbon storage in drylands (Jackson et al., 2002) 
could be explained by as yet unquantified losses of carbon by erosion. Erosion of 
soil carbon remains a major unconstrained component of the global terrestrial carbon 
budget (Lal, 2003b), with estimates ranging from 0.2 Gt yr-1 (Lal, 2005) to 2.4 Gt yr-1 
(Fearnside, 2000). Consequently, there is a need to develop techniques that 
increase understanding of ecohydrological interactions, erosional processes and 
resulting fluxes, losses and stores of SOC in dryland environments. 
Evidence from biogeochemical studies (Boutton et al., 1999), aerial photography and 
anecdotal accounts (Buffington and Herbel, 1965), documents shrub encroachment 
northwards across the US-SW, and woodland encroachment down slope into areas 
previously dominated by grassland (Van Auken, 2009). Existing research has 
illustrated that this vegetation change is accompanied by the alteration of ecosystem 
structure, with a transition from relatively homogeneous grassland to patch/inter-
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patch or vegetation island structures (Schlesinger et al., 1990). The results of 
Chapters 5, 6 and 7 supported by previous research over the grass-creosote shrub 
ecotone in the SNWR in the Rio Grande Basin demonstrated that this vegetation 
transition results in biotic and abiotic changes in ecosystem structure (Turnbull et al., 
2010a). Attendant changes in hydrological function significantly increase vulnerability 
to fluvial soil erosion following encroachment of woody vegetation (Turnbull et al., 
2010b).  
An exploratory study at the SNWR also highlighted the variance in bulk δ13C values 
between erodible sediment over a C4 grass to C3 shrub ecotone, demonstrating the 
potential for using stable isotope analysis to understand the spatial dynamics of 
erosion (Turnbull et al., 2008a). There is a precedent for using bulk stable carbon (δ 
13C) isotope analysis as a technique for understanding ecosystem structure, function 
and change (Nordt et al., 1998, Ding and Yang, 2000). Bulk δ13C ‘signatures’ of 
eroded SOC have a clear potential for erosion, carbon and sediment flux tracking 
(Schaub and Alewell, 2009).  
The natural abundance 13C stable isotope approach is based upon the principle that 
C4 plant species have a higher ratio of 
13C:12C in their biomass relative to C3 species 
due to their photosynthetic physiology (i.e. Kranz anatomy), resulting in distinctive 
δ13C values in plant litter and residues (Zitzer et al., 1996). This difference  has been  
utilised in semi-arid ecosystems to determine vegetation dynamics by exploiting the 
‘signature’ mean integrated bulk δ13C values of C3 woody and C4 grass vegetation 
input (δ13C = -14.0‰ and = δ13C = -26.9 ‰, respectively) described by Boutton et al 
(1998). The application of this technique is especially relevant for environments 
where encroaching or new vegetation has a different photosynthetic pathway, such 
as the drylands in the US-SW, where C3 woody species have encroached into C4 
grasslands. Therefore, it was hypothesised that differences in the δ13C values of 
vegetation could be used to trace the sources of eroded sediments and associated 
carbon across semi-arid ecotones, differentiating between woody and grassland 
sources. However, attention must also be given to the possible inter- and intra-
specific variation in the mean bulk δ13C values of plant inputs caused by a range of 
biological and environmental factors (Dungait et al., 2008) that may affect the 
subsequent interpretation of the bulk δ 13C values of SOC.  
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Recent investigations in temperate (C3) grasslands have revealed significant 
genotypic and spatiotemporal variation in the bulk δ13C values of up to 7.5‰ for 
leaves from the same C3 plant community (Dungait et al., 2011). The wide ranges in 
δ13C values are due to isotopic discrimination which is affected by genetic 
determinism (Rebetzke et al., 2008), i.e. morphological characteristics that affect gas 
exchange (e.g. leaf size and thickness, stomatal density, canopy height, root depth), 
and environmental factors (Jumpponen et al., 2005) through morphological and 
functional responses (e.g. soil moisture, temperature, and irradiance). These factors 
explain the observed differences in the bulk δ13C values of leaves from different plant 
species, with the same photosynthetic pathway, in arid and semi-arid grasslands 
(Smedley et al., 1991). Therefore, it was hypothesised that understanding the source 
of eroded sediment and carbon in semi-arid ecotones between woody and grassland 
ecotypes using the bulk δ13C values of associated SOC could be improved by 
analysis of the contemporary dominant vegetation and surface sediment isotopic 
signatures. 
This chapter develops previous research on sediment dynamics at the SNWR, by 
expanding monitoring beyond the grama grassland to creosote shrubland ecotone in 
the Rio Grande Basin into the grama grassland to piñon-juniper woodland ecotone of 
the Los Piños Mountains. Consequently, this study addresses two key vegetation 
transitions that cover ca. 70% of the SNWR, and large areas of the USA, where 
piñon-juniper  dominated landscapes cover ca. 40 million ha (Romme et al., 2009). 
Herein, results from the monitoring of rainfall-runoff events and bulk stable δ13C 
isotope analysis of vegetation and sediments are presented, to develop the use of 
bulk δ13C values, to fingerprint the source of fluvial fluxes and associated SOC 
losses. This chapter will therefore enhance the use of bulk δ13C analysis to 
understand the source of eroded sediment and SOC by analysing the dominant input 
vegetation, surface sediments and eroded sediments across two contrasting semi-
arid C4-C3 transitions.  
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Analysis in Chapter 8 addresses Research Objective 4: Derive and use 
biogeochemical tracing techniques to further our understanding of the effect of 
vegetation cover on fluvial sediment and organic carbon fluxes. Specifically this 
chapter addresses the overall null hypothesis: 
H0: Bulk stable carbon isotope values of soils and eroded sediment from study sites 
with different vegetation cover show no significant difference  
8.2. Results  
8.2.1 Bulk stable 13C isotope analysis  
Vegetation 
The bulk δ13C values of the leaves of grama sp. C4 grasses (δ
 13C = -14.7 ‰ ±0.2) 
and creosote (δ 13C = -25.9 ‰ ±0.3), piñon (δ13C = -24.9 ‰ ±0.3) and juniper (δ 13C 
= -24.0 ‰ ±0.1) C3 woody species (Table 8.1).  As piñon and juniper in the SNWR 
and US-SW commonly grow in mixed stands, (Wilcox et al., 2003a) and at the 
landscape scale form a common woody end member community, an amalgamated 
piñon-juniper bulk δ13C value was calculated (δ 13C = -24.5 ‰ ±0.8). There was a 
significant difference between the bulk δ13C values of C4 grama sp. compared to C3 
creosote (t =30.49, tcrit = 2.10, p<0.05) and C3 piñon-juniper (t = 35.13, tcrit = 2.05, 
p<0.05) woody species, providing further supportive evidence for the use of stable 
13C isotope analysis to trace the movement of eroded sediment and associated SOC 
within and between C4 grass to C3 woody ecotones. However, the variation between 
the δ13C values of the C3 plant types, creosote and piñon-juniper, was also 
statistically significant (t = 4.392, tcrit = 2.05, p<0.05).   
Table 8.1 Bulk δ13C values (‰) ± SE (n = 10) of leaves sampled in June 2010 from the dominant 
vegetation types in 300 m2 sites representing the two predominant grass to shrub (grama sp. to 
creosote, or grama sp. to piñon-juniper) transitions at the SNWR. Grama sp. combines black and blue 
grama samples. 
 
Vegetation  Common name Pathway Mean δ
13
C ‰ ±SE 
Grama sp. Grama grass C4 -14.7 ±0.2 
Creosote Creosote C3 -25.9 ±0.3 
Piñon  Piñon  C3 -24.9 ±0.3 
Juniper Juniper C3 -24.0 ±0.1 
Piñon-juniper (combined) Piñon-Juniper C3 -24.5 ±0.8 
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Surface sediment 
The bulk δ13C values of surface sediments from the grama sp. grassland, and 
creosote shrubland and piñon-juniper woodland sites are given in Table 8.2. As with 
the dominant input vegetation values (Table 8.1), analysis over both vegetation 
transitions revealed the site mean bulk δ13C values to be significantly higher at the 
grassland sites relative to their comparative woodland sites (p<0.05). However, 
analysis also illustrated differences between the dominant vegetation input and 
mean surface sediment values. The bulk δ13C values of the surface sediments from 
the grassland sites in the Rio Grande Basin (δ13C = -19.0 ‰ ±0.3) and Los Piños 
Mountains (δ13C = -18.9 ‰ ±0.2) were ca. 4 ‰ less than the bulk δ13C values of the 
grama sp. leaf samples. The surface sediments in the shrubland (δ13C = -22.1‰ 
±0.4) and woodland (δ13C = -20.3 ‰ ±0.4) sites were ca. 4‰ greater than the bulk δ 
13C values of the dominant vegetation.  
Table 8.2 Mean bulk δ13C (‰) values ± SE for surface sediments for each site (300 m2).  
Study site Cover (n)  Mean δ
13
C ‰ Site  Mean ± δ
13
C ‰ 
Grama Grassland in Basin  Bare (44) -18.58 ±0.20a -19.0 ±0.3* 
Grama Grass (46) -19.09±0.18a 
Creosote in Basin Bare (47) -21.51±0.19a -22.1 ±0.4 
Creosote(43) -22.76±0.18b 
Grama Grassland at Los 
Piños  Bare (42) -18.21±0.19a -18.9 ±0.2* 
Grama Grass (48) -18.43±0.17a 
Piñon-juniper at Los Piños 
 
Bare/Degraded Grass (40) -19.33±0.32a -20.3 ±0.4 
  Piñon-Juniper () -21.96±0.42b   
abcComparison of mean δ13C values between different surface cover at each site, δ13C values followed 
by the same letter are not significantly different (p>0.05). 
* Between-site comparison of surface sediment, δ13C values followed by the same symbol (*) are not 
significantly different (p>0.05). 
As well as differences between bulk δ13C values at each site varying levels of 
disparity within sites were evident. As illustrated in Table 8.2, at the grassland sites 
there was no statistical difference for values from bare or vegetated areas, either in 
the basin (t =1.37, tcrit =2.18 p>0.05) or in the Los Piños Mountains (t =1.58, tcrit 
=2.22 p>0.05). By contrast, both the creosote and piñon-juniper woody sites showed 
significantly (marginally) higher values in the areas between woody patches (t = 2.33 
tcrit = 2.18, p<0.05 and t = 2.40 tcrit = 2.24, p<0.05 respectively). 
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Eroded sediment 
Results of bulk δ13C values from eroded sediment are presented in Table 8.3. 
Sediments eroded from the grama sp. grassland sites in the Rio Grande Basin and 
Los Piños Mountains were higher compared to that eroded from creosote shrubland 
(mean δ13C = -22.8 ‰ ±0.4) and piñon-juniper  woodland. Therefore, respectively 
eroded sediments contained significantly greater mean percentages of C4 sourced 
material compared to the two woody end member sites (t = 5.09 tcrit = 2.04, p<0.05). 
The bulk δ13C values of surface sediments showed a close relationship with eroded 
sediment bulk δ13C values from geostatistical characterisation sampling. Statistical 
analysis showed no significant difference (t =1.29, tcrit =2.18 p>0.05) between the 
mean bulk δ13C values for surface sediments and sediments lost via erosion from the 
corresponding site. 
Table 8.3 Mean bulk δ13C (‰) values ± SE for surface sediments for each study site (300 m2).  
 
Study site n Eroded sediment δ
13
C ‰ 
Grama Grassland in Basin  9  -19.9 ±0.2a 
Creosote in Basin 10 -22.8 ±0.4b 
Grama Grassland at Los Piños  11 -18.4 ±0.7a 
Piñon-juniper at Los Piños  8  -20.8 ±0.6c 
abcComparison of mean δ13C values between sites, δ13C values followed by the same letter are not 
significantly different (p>0.05). 
8.2.2. Mixing model results 
As described in methodology section 4.6 a mixing model was applied to determine 
the source (C3 vs. C4) of organic carbon in surface and eroded sediment. Results 
demonstrated that in surface sediment at both grass sites, the majority of organic 
carbon originated from C4 sources (55 % and 57 % C4 respectively) whilst C4 sources 
formed a minority at the creosote and piñon-juniper sites (23 % and 42 % C4 
respectively). Results from the mixing model applied to eroded sediment were similar  
in sediment eroded from both grass sites, the majority of organic carbon originated 
from C4 sources (54 % and 60 % C4 respectively) whilst C4 sources formed a minority 
in sediment eroded from the creosote and piñon-juniper sites (28 % and 38 % C4 
respectively). 
Figure 8.1 illustrates that there was no significant difference in the contribution of % 
C4-derived SOC between the two grass sites (t=0.93 tcrit = 2.04, p>0.05), whilst the 
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8.2.3. Variation of δ13C with rainfall-runoff event characteristics 
Rainfall-runoff and resulting flux data (summarised in Table 8.4 with individual event 
data in Appendix Table 6.1) showed significant variation not only between different 
end member sites but also between events, as indicated by high standard error 
values. The data illustrate that, in addition to ecological structure of the landscape, 
fluxes also depend on rain event characteristics, with both grass and woody 
dominated landscapes, showing higher runoff resulting from events of a greater 
magnitude and intensity. Therefore, it was important to understand whether rainfall-
runoff event characteristics can modify the bulk δ13C values of eroded sediments. 
The mean δ13C values of eroded sediments obscured the variation in bulk δ13C 
values between events, and this is demonstrated by the increase in standard error of 
the mean δ13C values and corresponding % C4 estimations (Table 8.4). 
Table 8.4 Mean bulk δ13C (‰) values ± SE for surface sediments and eroded sediments collected 
after rainfall-runoff events for each study site (300 m2), with summary statistics for the monitored 
rainfall-runoff events that resulted in erosion.  
 
Grama  sp. grassland Creosote  shrubland Grama sp. grassland Piñon-juniper woodland 
Location Rio Grande Basin Los Piños Mountains 
Surface sediment δ
13
C ‰ -19.0 ±0.3*a -22.1 ±0.4b -18.9 ±0.2*a -20.3 ±0.4c 
Eroded sediment δ
13
C ‰ -19.9 ±0.2♦a -22.8 ±0.4b -18.4 ±0.7♦a -20.8 ±0.6c 
Number of rainfall-runoff events 9 10 11 8 
Rainfall (mm) 7.2 ±2.4 8.0 ±1.9 7.7 ±1.4 10.0 ±2.0 
Event runoff (L) 96.8 ±57.5 393.6 ±195.1 151.0 ±50.5 416.7 ±145.7 
Event erosion (g) 232.0 ±104.1 1030.7 ±411.1 365.1 ±196.2 1360.9 ±457.0 
SOC event yield (g) 1.0 ±0.4 31.4 ±26.5 9.0 ±5.3 44.5 ±14.9 
* Between-site comparison of surface sediment, δ13C values followed by the same symbol (*) are not 
significantly different (p>0.05). 
♦ Between-site comparison of eroded sediment, δ13C values followed by the same symbol (♦) are not 
significantly different (p>0.05). 
abcComparison of mean δ13C values between surface and eroded sediment, δ13C values followed by 
the same letter are not significantly different (p>0.05). 
As discussed in Chapter 6, across all the rainfall events monitored, there was an 
overall positive linear relationship between rainfall and runoff (R2=0.5, p<0.05) and 
runoff and erosion (R2=0.8, p<0.05). Calculated percentage C4 values of eroded 
sediment showed a positive trend (p>0.05) in relation to: event runoff coefficient 
(grama sp. grassland in the Rio Grande Basin R2=0.1;creosote shrubland R2=0.3; 
grama sp. grassland in the Los Piños Mountains R2=0.2; piñon-juniper  woodland 
R2=0.2); total event runoff (grama sp. grassland in the Rio Grande Basin 
R2=0.1;creosote shrubland R2=0.1; grama sp. grassland in the Los Piños Mountains 
R2=0.2; piñon-juniper woodland R2=0.2) and total event erosion (grama sp. 
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grassland in the Rio Grande Basin R2=0.3;creosote shrubland R2=0.1; grama sp. 
grassland in the Los Piños Mountains R2=0.1; piñon-juniper woodland R2=0.1). The 
relationship between event indices and the results of the mixing model suggest more 
C4 grass material might be lost during more erosive rain events.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 8. Stable Carbon Isotope Analysis 
203 
 
8.3. Discussion 
Analysis of bulk δ13C values in vegetation through to eroded sediment 
Analysis conducted within Chapter 8 showed the bulk δ13C values of the vegetation 
were consistent with the reported range of values for C4 and C3 plants and were 
comparable to those previously reported for similar environments (Boutton et al., 
1999, Biedenbender et al., 2004). Values recorded here also broadly reflect the 
disparity between C4 grass and C3 woody vegetation values previously reported in 
similar environments (Biedenbender et al., 2004). However, the statistically 
significant difference between different C3 woody end-member species illustrates the 
importance of using  site-specific analysis of vegetation at each site within this study 
rather than previously published or pre-determined mean vegetation δ13C values 
(Turnbull et al., 2008a, Segalen et al., 2007) to interpret carbon dynamics. 
As with vegetation bulk values the surface sediment bulk δ13C values for grassland 
and woody sites reflected those found in previous studies (Bai et al., 2012). 
However, results of surface sediment analysis revealed considerable differences to 
those recorded for the current dominant vegetation inputs. Bulk δ13C values of the 
surface sediments from the grassland sites over both transitions were ca. 4‰ less 
than the bulk δ13C values of the grama sp. leaf samples. This finding can be 
explained by a number of contributing factors: (1) There is possible input from low 
abundance C3 plants unaccounted for in the sampling strategy (Boutton et al., 1999), 
though this explanation is unlikely as there is little evidence of contemporary 
vegetation that may differ in terms of its carbon signature; (2) the 12C is lost 
preferentially during decomposition (Novak et al., 2009), (3) there is potentially 
selective decomposition of C4 plant litter (Ãgren et al., 1995), or (4) selective 
preservation of naturally 13C depleted components of plant litter, i.e. lipids (Lichtfouse 
et al., 1995) which as discussed in Chapter 9 are resistant to degradation.  
In contrast to the grassland sites, surface sediments in the shrubland and woodland 
sites were ca. 4‰ greater than the bulk δ13C values of the dominant vegetation. This 
finding is perhaps more easily explained than the changes observed at the grassland 
site, as it suggests that there has been encroachment of the creosote shrubs into the 
previous grama sp. dominated areas. Whilst at the piñon-juniper site, values reflect 
the continued input from reaming grass in the areas between woody patches. 
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However, the higher δ13C values in the sediment of the shrub and woodland sites, 
compared to the more negative values in the grassland sites, suggest that multiple 
unquantified biotic and abiotic factors contribute to bulk δ13C values of surface 
sediments. For example, previous colonisation of the sites by facultative CAM 
(crassulacean acid metabolism) plants, which occur in dry savannah regions, with an 
intermediary δ 13C values from -30 to -10 ‰ (depending on the relative amount of 
carbon fixed by CAM vs. C3 photosynthesis (Boutton et al., 1999))
  may have biased 
the values in either direction.   
Whilst bulk δ13C values and the results from application of a mixing model to 
determine the proportion of C4 vs. C3 organic carbon were shown to vary between 
input vegetation and surface soil, results indicated the subsequent erosion of 
sediment during rainfall events appeared to result in no further alteration in bulk δ13C 
values. A lack of observed alteration is relevant as erosion involves the preferential 
entrainment and transportation of finer material (Parsons et al., 1991), rich in SOC, 
which therefore, may have been expected to exhibit different δ13C signatures. 
Furthermore, the woody sites showed differences in bulk δ13C values between 
woody and non-woody areas and previous research has suggested bare inter-patch 
areas to be more easily erodible (Schlesinger et al., 2000). Therefore, preferential 
erosion from bare areas, may lead to eroded sediment values differing from the 
overall mean site values. The significant variance between the bulk δ13C values of 
sediment eroded from the C3 or C4 sites illustrates the potential of using bulk δ
13C 
values of eroded sediments in conjunction with a mass balance equation or mixing 
model to fingerprint the source of eroded sediment in grassland versus woody 
dominated landscapes.  
Variation in bulk δ13C values of eroded sediment with event characteristics 
As demonstrated in Chapter 6 the increasing magnitude and intensity of rainfall 
events resulted in greater levels of runoff and erosion across all sites, with the effect 
being most accentuated at the woody sites. Previous work (Turnbull et al., 2008a) 
has indicated that with increasing rainfall-runoff response (and resulting increase in 
event erosion) eroded sediment had higher δ13C values, inferred as a greater 
percentage of C4 grass-derived carbon input. Based upon ecohydrological 
observations, it has been suggested that with increasing event size there was 
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increasing runoff and rilling in inter-patch areas (Parsons et al., 1996) resulting in a 
greater contribution of eroded sediment from degraded inter-patch areas exhibiting a 
stronger C4 signature (Turnbull et al., 2008a). However, monitored rainfall-runoff 
events from the 2010/2011 monsoon season appear to only support this assumption 
weakly. 
Results from the analysis of bulk δ13C values did indicate an increased percentage of 
C4 material being lost from the woody sites with increased magnitude of rainfall 
event, however, these results were far from statistically significant. The low strength 
of the relationship between event characteristics and bulk δ13C values is however, in 
contrast to the statistically significant variance in δ13C values between grass and 
woody sites. Therefore, results presented herein indicate any variation in δ13C values 
with event characteristics does not prove an obstacle to tracing the source of eroded 
sediment using stable isotope analysis in dryland environments.  
8.4. Conclusion 
Dryland environments are of global importance and may hold the potential to store 
enhanced stocks of soil carbon if pristine grasslands are conserved or improved to 
maintain low levels of erosion and carbon loss rates. The sediment-tracking 
approach described demonstrates how the type and source of SOC that is lost from 
the soil via fluvial processes can be understood and may ultimately improve 
knowledge of both the biotic (carbon producing) and abiotic (carbon redistributing) 
function of drylands at landscape scales.  
Stable isotope analyses showed significant differences in bulk δ13C values, between 
surface sediments from grass and woody sites over the two contrasting C4 grass to 
C3 woody vegetation transitions. Therefore, the proposed null hypothesis (H0: Bulk 
stable carbon isotope values of soils and eroded sediment from study sites with 
different vegetation cover show no significant difference) can be rejected and the 
alternative hypothesis accepted; that bulk stable carbon isotope values of soils and 
eroded sediment differ significantly with  vegetation cover. 
Although there were significant differences between bulk δ13C values of vegetation 
input and surface sediments, there appeared to be no subsequent significant 
alteration in bulk δ13C values of sediments that were eroded. This result is highly 
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meaningful, as monitoring of δ13C values to understand movement of material 
around landscapes can be linked with confidence to source or in-situ δ13C values of 
soil and surface sediment. The difference between sediment and vegetation bulk δ 
13C values suggested that a range of factors affected the bulk δ13C values of SOC, 
and that these require further investigation. Therefore, it is suggested that mixing 
models and other techniques, intended to determine the source of eroded sediment 
would be improved by the use of surface sediment δ13C values, rather than δ13C 
values of the dominant vegetation. These surface sediment signature values could 
be obtained via traditional or geostatistical sampling of contributing source locations.   
 
8.5. Key points 
• Input vegetation δ13C values show significant differences, both between C4 
and C3 species and also within C3 plants. 
• δ13C values differ between input vegetation and bulk soil values due to a 
range of proposed, yet unquantified abiotic and biotic processes. 
• Bulk δ13C values of surface soil differ significantly between grass and woody 
sites (p<0.05). 
• SOC at the grass sites was dominated by C4 sources in contrast to C3 sources 
at the woody sites.  
• A notable C4 component to SOC at the woody sites reflects that at the 
creosote shrubland site, SOC remains from the previous grass vegetation 
cover, whilst the piñon-juniper site experiences a continued grass input. 
• Woody sites also showed significant differences in bulk δ13C values between 
woody patches and inter-patch areas (p<0.05). 
• Bulk δ13C values of eroded sediment differ significantly (p<0.05) between 
grass and woody sites. 
• At all sites no significant difference (p>0.05) was observed between the mean 
δ13C values and mean % C4 values between bulk surface soil and bulk eroded 
sediment values. 
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9. The use of biogeochemical analysis to develop an understanding of 
vegetation change and fluvial carbon fluxes in semi-arid environments 
9.1. Introduction 
Research presented within Chapter 5 of this study demonstrated that, in contrast to 
grasslands, woody sites experienced a higher degree of heterogeneity in both 
vegetation cover, soil structure and soil resources including SOC. Understanding 
heterogeneity is essential for understanding the storage of carbon in semi-arid 
environments (Bird et al., 2002) and also the processes that affect carbon dynamics 
and fluxes. Chapter 6 and 7 established that in response to rainfall events, woody 
sites experienced higher fluvial fluxes of carbon as a result of greater hydrological 
connectivity.  
Discrepancies and uncertainties found when calculating the potential for soil carbon 
storage in drylands (Jackson et al., 2002) could be explained by the unquantified 
losses of carbon by erosion. As discussed in Chapter 2, erosion of soil carbon 
remains a major unconstrained component of the global terrestrial carbon budget. 
Furthermore, soil erosion resulting from poor land management is recognised as one 
of the top pollutants in the United States with sediment mobilised by erosion having a 
wide range of detrimental offsite impacts if transported from the landscape to 
connected fluvial systems (Mukundan et al., 2012). In the US the economic costs of 
physical, biological and chemical damage associated with fluvial sediment has been 
estimated at between $20 and $50 billion annually (Osterkamp, 2004, Mukundan et 
al., 2012). Therefore, there is a pressing need to develop and apply techniques that 
increase the understanding of sediment and carbon dynamics, including those in 
drylands undergoing vegetation transitions. 
The conclusions of Chapter 8 were that the sources, of SOC vary over transitions 
from grass to woody vegetation. It was hypothesised that biogeochemical analysis of 
biomarker compounds, such as lipids for different carbon source inputs will allow 
greater understanding of ecohydrological interactions and ensuing fluxes, losses and 
stores of SOC in drylands. 
Whilst forming a relatively minor component in soils, lipids are a diverse group of 
organic compounds which have been identified as exhibiting useful diagnostic roles 
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in understanding the source of organic matter in soil and the processes to which it 
has been subjected (Bull et al., 2000). In particular, very long chain n-alkanes 
(aliphatic hydrocarbons) derived from plant waxes have potential for use as 
biomarkers in this study (Eglinton et al., 1962, Pio et al., 2001). It has been proposed 
that very long chain n-alkanes (Figure 9.1) are resistant to degradation (Eckmeier 
and Wiesenberg, 2009, Gocke et al., 2011), and shown that their chain length 
distributions in organic matter vary with source (Cranwell, 1981, Zech and Glaser, 
2008). Thus, the properties of n-alkanes (discussed further in section 9.2) make 
them potentially highly suitable for identifying differences over grass-to-woody 
vegetation transitions.  
Figure 9.1 Example of a long chain n-alkane (aliphatic hydrocarbon) C29, chemical formula C29H60 (C 
= carbon, H = hydrogen). Each line designates a bond between two carbon atoms as illustrated in the 
expanded subsection. 
 
 
 
Research presented within this chapter addresses Research Objective 4: Derive and 
use biogeochemical tracing techniques to further our understanding of the effect of 
vegetation cover on fluvial sediment and organic carbon fluxes. This analysis 
assumes the overall null hypotheses:  
1) H0: n-alkanes distributions in vegetation show no significant difference between 
the key input vegetation species 
2) H0: n-alkanes distributions in surface soil or fluvially eroded sediment from 
different sites show no significant differences between the study sites 
3) H0: n-alkanes distributions in eroded sediments show no significant variation with 
rainfall-runoff event characteristics 
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9.2. Rationale for using n-alkanes 
The rationale for using n-alkanes within this study was based upon (1) their 
biochemical behaviour and (2) their diagnostic value, each of which will now be 
considered. 
Behaviour of n-alkanes in soil 
Lipids are generally described as chemically recalcitrant and resistant to 
decomposition, and as components of stable SOC pools (Baldock et al., 1997, 
Stimler et al., 2006). Moreover, it has been suggested that the non-functionalised 
very long chain aliphatic structure of n-alkanes (>C21) are more resistant to 
decomposition than other plant wax derivatives (e.g. carboxylic acids, alcohols) 
(Wiesenberg et al., 2008). For example, Bol et al. (1996) detected a hydrocarbon 
fraction (which contains n-alkanes) with a radiocarbon age of 14,000 years. As such, 
very long chain n-alkanes have previously been used to detect temporal vegetation 
or land use changes in soils (Eckmeier and Wiesenberg, 2009, Bull et al., 1999) and 
lake sediments (Fisher et al., 2003). Due to their presence as a component of plant 
waxes, n-alkanes possess the benefits of natural abundance tracing techniques (as 
opposed to manually applied non-natural tracers (Divine and McDonnell, 2005). 
Natural abundance tracing techniques offer the scientific advantage of being able to 
trace the movement of organic material through an entire naturally functioning 
ecosystem (Coleman and Fry, 1991) whilst limiting the cost/practicality issues 
associated with the use of applied non-natural tracers (Zapata, 2003).  
Whilst mass spectrometric analysis of n-alkanes extracted from soils and sediments 
and other biogeochemical biomarker tracing techniques have been applied with 
success in relatively stable depositional environments (Schwark et al., 2002, Ternois 
et al., 2001, Matsumoto et al., 1990, Meyers and Ishiwatari, 1993), to our knowledge, 
this approach has not been used for the quantification of the spatial redistribution of 
eroded sediments in terrestrial environments. Therefore, n-alkanes appeared 
eminently suitable to provide new insights to studies of semi-arid environments that 
have undergone vegetation transitions over the last 150 years (Buffington and 
Herbel, 1965). 
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Diagnostic value of n-alkanes 
To test the proposed hypotheses, it was essential to determine different ‘signatures’ 
for organic material from the key vegetation species in the monitored vegetation 
transitions. Early work investigating the chemistry of plant waxes identified species-
specific aliphatic hydrocarbon patterns that were independent of season, age or 
situation and, therefore, reliable chemotaxonomic criteria (Eglinton et al., 1962) 
(Maffei, 1996). n-alkanes from higher order (vascular) terrestrial plants have long 
chain lengths and higher molecular weights, typically ranging from C21 to C33 (Nash 
and Halliwell, 2000, van Bergen et al., 1997) with an odd-over-even predominance 
(Peters et al., 2005, Jandl et al., 2007). Signatures of n-alkanes present in soil have 
been determined to be diagnostic of different organic matter inputs and land use 
practices (Eckmeier and Wiesenberg, 2009, Wiesenberg et al., 2004, Norris et al., In 
Review). For example, in palaeo-research the distinctive signature of plant n-alkanes 
has been used to determine terrestrial versus aquatic plant inputs (Chikaraishi and 
Naraoka, 2003). n-alkanes in soil derived from higher plants can be distinguished 
from microbial biomass, which typically are characterised by short-chained (<C21) n-
alkanes (Rowe et al., 1989, Bull et al., 1998) which is highly relevant to this study as 
a result of the observed presence of biological soil crusts in semi-arid environments 
(Schwinning et al., 2004, Housman et al., 2006). In the semi-arid area under 
investigation, the limited number of grass and woody species may increase the 
potential for species-specific analysis of carbon inputs and dynamics. For example, 
large amounts of C31 n-alkanes may indicate the input of grass (Maffei, 1996, 
Eckmeier and Wiesenberg, 2009) and woody species often show proportionally 
higher amounts of the shorter C27 and C29 (Zech et al., 2009). Thus, the ratios 
between C31 and C27/C29 are indicative of the relative proportion of woody to grass 
vegetation inputs to soils (Nott et al., 2000, Schwark et al., 2002, Zech et al., 2009). 
However, applications of n-alkane analysis as diagnostic biomarkers in modern, 
dynamic terrestrial environments are few compared with palaeo-studies of 
depositional sediments (Bull et al., 2000). 
In summary, the spatiotemporal characteristics of n-alkanes in soils (Gocke et al., 
2011, Marschner et al., 2008) combined with their diagnostic properties, indicated 
their suitability for use as a method of source determination in this study. Results of 
n-alkane analysis of vegetation, surface soil and eroded sediments across the 
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monitored study sites are presented in sections 9.3-9.8. In addition to the use of n-
alkanes, early research for this study identified that diterpene compounds form a 
major component of essential oils in pine resin (Hall et al., 2012) and would be 
detectable using gas chromatography (Popova et al., 2010). From visual field 
observations it was clear that litter from Piñon vegetation formed a major contribution 
to SOC at the Piñon-Juniper site. As such, it was postulated that the expansion of 
analysis to incorporate diterpenes at the Piñon-Juniper site would be beneficial. The 
results of analysis for diterpenes at the Los Piños site are presented in section 9.9. 
The observed n-alkanes and diterpenes signatures are discussed in section 9.10, 
and, conclusions are presented which address the proposed null hypotheses in 
section 9.11. 
9.3. Results: n-alkane signatures in vegetation through to eroded sediment 
Mean n-alkane concentrations (C27-C35) in vegetation through to eroded sediment 
are summarised in Appendix Tables 9.1-9.3, as are the n-alkane concentrations for 
individual rainfall-runoff events. To allow comparison, between sample types (i.e. 
vegetation, soil and eroded sediment) and sites, the mean percentage distribution of 
the long chain n-alkanes analysed (C27-C35) are presented in Figure 9.2. Additionally, 
the ratios of C27:C31 and C29:C31 for vegetation, soil and eroded samples across the 
sites are presented in Figure 9.3. 
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Figure 9.2 Mean percentage distributions of C27 to C35 n-alkanes in vegetation (n=10), soil (n=3) and 
eroded sediment (n=8-11) at the (from top-bottom) Grama Grass in Basin, Creosote in Basin, Grama 
Grass at Los Piños and Piñon-Juniper at Los Piños sites. 
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Figure 9.3 Mean (±SE) C27:C31 and C29:C31 ratios expressed as decimal fractions in vegetation 
(n=10), soil (n=3) and eroded sediment (n=8-11) at the (top-bottom) Grama Grass in Basin; Creosote 
in Basin; Grama Grass at Los Piños and Piñon-Juniper at Los Piños sites. 
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contrast, the n-alkane distribution in juniper was different to the other woody species, 
being dominated by the longer chain C33 which contributed 69 %, and was also the 
only vegetation species to show a large percentage of C35 which contributed 23 % 
(Figure 9.2). 
The distinctive distribution of long chain n-alkane compounds between vegetation 
samples supported their application as biomarker compounds in environmental 
research. The observed predominance of different n-alkanes in grass vegetation 
relative to woody vegetation (Bull et al., 2000, Zech et al., 2009) allowed the 
application of the ratio of the shorter (C27 and C29) to the longer (C31) chain lengths to 
distinguish vegetation sources (Nott et al., 2000). Ratios presented as decimal 
fractions are illustrated in Figure 9.3. Ratios for C27:C31 (t = 14.38, tcrit = 2.12, p<0.05) 
and C29:C31 (t = 9.65.38, tcrit = 2.12, p<0.05) are much greater for creosote compared 
to grasses. Piñon also showed greater C27:C31 (t = 4.38, tcrit = 2.12, p<0.05) and 
C29:C31 (t = 5.38, tcrit = 2.12, p<0.05) ratios compared to grama grass. Juniper 
however, showed no significant difference in the ratios of C27:C31 (t = 1.11, tcrit = 2.10, 
p>0.05) and C29:C31 (t = 1.03, tcrit = 2.10, p>0.05) to that of the grama grass. 
9.5. n-alkane signatures in surface soils 
At the grass site in the basin, there were no significant differences (t = 1.76, tcrit= 
2.10, p>0.05) between the distribution of n-alkanes between grass covered and bare 
areas of the site (Appendix Table 9.2). n-alkanes were dominated by C31 contributing 
a mean of 65 % of the odd-over-even very long chain alkanes in the samples taken 
from bare areas, and 66% in the samples taken from grass covered areas. C35 made 
the second largest contribution at 14 % in the bare areas and 15 % in the grass 
covered areas. C27, C29 and C33 all contributed minor proportions of between 4 and 8 
%.  
At the creosote site, there were more notable differences between the n-alkane 
distributions of the samples taken from bare and woody areas of the study site. The 
largest contribution to n-alkanes across the site was from C35 which contributed a 
mean of 43 % in the bare samples and a lower 36% in the samples taken from the 
soil beneath the creosote canopy. There were no significant differences in the 
contributions of C29 and C33 between bare and woody areas, but C27 was significantly 
higher (t = 3.16, tcrit= 2.08, p<0.05) under creosote at 27% than it was in bare areas 
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(10%), whilst C31 was significantly lower (t = 2.19, tcrit= 2.08, p<0.05) under creosote 
at 10% than it was in bare areas (19%).  
The grass site at Los Piños showed little difference between soil samples collected 
from bare and grass areas, whilst also showing little difference to the signature of n-
alkanes found at the grass site in the basin. The one exception was C35 which at the 
Los Piños site contributed a significantly greater contribution (t = 2.58, tcrit = 2.10, 
p<0.05) to soil under grama grass (14 %) than in the bare areas (7 %). 
Results from the piñon-juniper-dominated site, showed the n-alkane distribution in 
soil to be dominated by C33 contributing 61 % in both the bare/grass areas and under 
piñon-juniper woody vegetation. The second largest contribution was made by C35, 
which contributed a mean of 23 % under woody vegetation and a significantly higher 
32% (t = 2.37, tcrit= 2.10, p<0.05) in the bare/grass areas. At the piñon-juniper site, 
C27, C29 and C31 all contributed relatively minor contributions to the percentage 
distribution, although these were higher for soil samples collected under woody 
vegetation canopies. 
Ratios of n-alkanes (Figure 9.3) demonstrated that at the grass-dominated sites, 
there was little difference between the ratios for bare and grass covered areas. 
Additionally, grass-dominated sites showed much lower ratios than their woody 
counterparts due to the dominance of C31. The woody-dominated sites showed much 
higher ratios and also a greater heterogeneity between woody and bare/grass areas, 
with ratio values being significantly higher in sediment from under woody vegetation 
cover (t = 7.46, tcrit= 2.10, p<0.05). 
9.6. n-alkane signatures in eroded sediment 
Eroded sediment from woody sites showed a higher concentration and percentage 
contribution of C27 and lower concentrations of C31 and C33 than the grassland sites 
(Appendix Table 9.3). The differences between woody and grass dominated sites in 
the basin and at Los Piños were of a lower magnitude (Figure 9.2) compared to the 
n-alkane distributions for input vegetation and surface soil. Sites in the basin had 
significantly higher mean percentage distributions of C29 (t = 9.49, tcrit= 2.04, p<0.05) 
and C31 (t = 7.16, tcrit= 2.02, p<0.05) compared to sites at Los Piños which had 
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significantly higher mean percentage distributions of C33 (t = 8.18, tcrit= 2.02, p<0.05) 
and C35 (t = 11.18, tcrit= 2.02, p<0.05). 
The mean ratios of C27:C31 and C29:C31 for eroded sediments from the sites (Figure 
9.3) illustrated that at sites in the basin and at Los Piños, sediment eroded from 
grass-dominated sites had lower C27:C31 ratios (t = 2.05, tcrit= 2.02, p>0.05) than their 
woody-dominated counterparts. There were no significant differences in the mean 
C27:C31 ratios between the two grass-dominated sites (t = 1.41, tcrit= 2.02, p>0.05) 
and there were no significant differences in the mean C27:C31 ratios between the 
creosote and piñon-juniper sites (t = 1.35, tcrit= 2.02, p>0.05). Results for C29:C31 
ratios showed a similar trend, being lower in eroded sediment from grass-dominated 
sites compared to the woody-dominated sites. 
9.7. n-alkane signatures from vegetation, to soil, to eroded sediment 
As illustrated in Figure 9.5 the total n-alkane concentration (C27 to C35) varied 
considerably between input vegetation species, being higher in grama grass and 
juniper samples, compared to creosote and piñon. Furthermore, there was a general 
pattern of decreasing total n-alkane concentrations between vegetation and surface 
soil, followed by an increasing total concentration between n-alkanes in surface soil 
and eroded sediment. The one exception was soil at the piñon-juniper site which had 
higher n-alkane concentrations than the sediment eroded from the site. 
 
 
 
 
 9. Biogeochemical Compound Analysis 
218 
 
 
 
 
Figure 9.5 Mean concentration of long chain n-alkanes in: (a) vegetation samples (µg g-1 ±SE, n = 
10); (b) surface soil samples µg g-1 ±SE, n = 10) and (c) eroded sediment samples (µg g-1 ±SE, n = 8-
11 depending on number of rainfall-runoff events monitored) over (a) sites in the basin and (b) sites at 
Los Piños.  
0
2
4
6
8
10
12
14
16
Grama Grass Creosote Juniper Piñon
To
ta
l c
o
n
c 
µ
g 
g-
1
Vegetation sample
1)
0
0.2
0.4
0.6
0.8
1
1.2
1.4
Bare Grass Bare Woody Bare Grass Bare/Grass Woody
Grama Grass 
in Basin
Grama Grass 
in Basin
Creosote in 
Basin
Creosote in 
Basin
Grama Grass 
at Los Pinos
Grama Grass 
at Los Pinos
Pinon-Juniper 
at Los Pinos
Pinon-Juniper 
at Los Pinos
To
ta
l c
o
n
c 
µ
g 
g-
1
Soil sample
2)
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
Grama Grass in Basin Creosote in Basin Grama Grass at Los Piños Piñon-Juniper at Los Piños
To
ta
l c
o
n
c 
µ
g 
g-
1
Eroded sediment sample
3)
 
 9. Biogeochemical Compound Analysis 
219 
 
 
 
At the grass site in the basin (Figure 9.2) the most notable difference was the 
significantly greater percentage contribution of C33 in grama grass vegetation 
samples compared to surface soil and eroded sediment (t = 12.38, tcrit= 2.02, 
p<0.05). In the vegetation samples C33 contributed 47.2 % compared to 8 % in the 
surface soil samples and 15.3% in eroded sediment. The other major difference 
between samples was that the shorter chain n-alkanes C27 and C29 both contributed 
much greater proportions to the distribution of n-alkanes in eroded sediment, 
compared to soil and input vegetation. The ratio of C27:C31 (Figure 9.3) showed no 
significant difference (t = 0.98, tcrit= 2.09, p>0.05) between input vegetation samples 
and soil, but was significantly higher in eroded sediment as was the ratio of C29:C31 
supporting the greater percentage distribution shown.  
 
The distribution of n-alkanes in vegetation, through to eroded sediment at the 
creosote site showed a much greater degree of variation than at the grass site in the 
basin. As illustrated in Figure 9.2, samples of creosote, the current dominant 
vegetation input were heavily dominated by C27 (59 %) and C29 (29 %). However, the 
largest contribution in the surface soil was made by C35 at 43 % in bare soil and 37 
% in soil under vegetation. The greater proportion of longer chain n-alkanes in the 
surface soil and eroded sediment, compared to the current input vegetation which 
was dominantly creosote suggests the n-alkane distribution in soils was still heavily 
influenced by previous grass vegetation cover. Further evidence for the continued 
influence of previous grass cover was provided by n-alkane ratios which for both 
C27:C31 and C29:C31 were significantly higher (t = 4.88, tcrit= 2.10, p<0.05) in the 
vegetation samples than the surface soil and eroded sediment. 
At the Los Piños grama grass site in vegetation samples through to eroded sediment 
(Figure 9.2), the distribution was dominated by the longer chain n-alkanes, reflecting 
the dominant grass input. However, the distribution varied; in particular between C33, 
which contributed the largest amount to vegetation and eroded sediment samples, 
and C31, which contributed the majority of n-alkanes to the surface soil samples. As 
illustrated by the n-alkane ratios (Figure 9.3), whilst forming a relatively minor 
contribution to the total percentage distribution, C27 and C29 were found in greater 
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concentrations in eroded sediment leading to higher ratios (compared to input 
vegetation and surface sediment). 
 
With three current vegetation inputs (grass, juniper and piñon), the piñon-juniper site 
at Los Piños represented the most complex relationship between contemporary 
vegetation, surface soil and eroded sediment. As presented in section 9.4, significant 
differences existed between the three contemporary vegetation species present. 
Based upon the percentage distribution of the selected n-alkanes, both the surface 
soil and to a lesser extent eroded sediment, had the closest relationship to juniper, 
with all being dominated by C33 and C35. The n-alkane ratios showed the closest 
relationship between piñon vegetation and woody surface soil with no significant 
difference between the two (t = 1.09, tcrit= 2.10, p>0.05). Additionally the n-alkane 
ratios showed no significant difference between soil samples from the bare/grass 
areas and eroded sediment. 
9.8. n-alkane signatures in eroded sediment: response to rainfall event 
characteristics  
 
As displayed in Appendix Table 9.4, significant differences existed in the total n-
alkane concentrations between rainfall events (t = 8.53, tcrit=2.02, p<0.05), both 
within samples collected from each site and from within all the events as a whole. 
However, it was unclear what the determining factor for observed differences in 
concentration were, as none of the measured rainfall-runoff event indices acted as 
significant independent variables influencing n-alkane concentration (Table 9.1).   
Table 9.1 Linear regression results, showing R2 and significance of the relationship between rainfall-
runoff event characteristics and total n-alkane concentration (µg/g-1). ER = event rain; Im =maximum 
rainfall intensity. RC = runoff coefficient; Q = discharge; Sy = sediment yield; SOM = soil organic 
matter; SOC = soil organic carbon. 
 
Variable R
2
 Significance 
ER (mm) 0.01 0.879 
Im (mm hr
-1
) 0.02 0.373 
RC 0.05 0.116 
Q (l) 0.09 0.578 
Sy (g) 0.1 0.546 
SOC (mg g
-1
) 0.09 0.57 
SOC yield (g) 0.02 0.385 
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As with total n-alkane concentrations, C27:C31 and C29:C31 ratios showed significant 
differences (t = 9.57, tcrit=2.02, p<0.05 and t = 17.87, tcrit=2.02, p<0.05 respectively) 
between rainfall events. However, as with total n-alkane concentrations, the reasons 
for these variations were inconclusive. Table 9.2 shows the results of linear 
regression with n-alkane ratios as dependent variables and rainfall-runoff event 
indices as independent variables. 
Table 9.2 Linear regression results, showing R2 and significance of the relationship between rainfall-
runoff event characteristics and ratios C27:C31/ C29:C31. ER = event rain; Im =maximum rainfall 
intensity. RC = runoff coefficient; Q = discharge; Sy = sediment yield; SOC = soil organic carbon. 
 
C27:C31 C29:C31 
Variable R
2
 Significance R
2
 Significance 
ER (mm) 0.05 0.673 0 0.914 
Im (mm hr
-1
) 0 0.963 0.05 0.174 
RC 0 0.938 0.01 0.515 
Q (l) 0 0.92 0.01 0.63 
Sy (g) 0 0.914 0.01 0.684 
SOC (mg g
-1
) 0.01 0.533 0.03 0.31 
SOC yield (g) 0.02 0.373 0.03 0.31 
      
9.9. Compound specific diterpene in Piñon  
9.9.1. Introduction 
Additional compounds were analysed in the piñon vegetation samples and also soil 
and eroded sediment samples from the piñon-juniper study site. These were not 
present in samples from the grassland and creosote study sites, whilst the short 
retention time and mass fragmentation ions (m/z and % 272 (38), 257 (100), 
187(28), 175(16), 161(30), 133(18), 119(22), 105(35), 91(35), 81(20),77 (13), 69(22), 
55(23), 41(27)), indicated they were not long chain aliphatic n-alkanes. Reference to 
the literature found these peaks to result from the presence of diterpenoid 
compounds, in piñon vegetation samples and associated soil and eroded sediment 
samples. Diterpenes are organic compounds common in pine essential oils (Clarke 
et al. 2002) and further research, including analysis of the mass spectrum, 
suggested the diterpene responsible for the major peak seen in the piñon 
chromatogram was palustradiene with the chemical formula C20H32. The structure of 
palustradiene is illustrated in Figure 9.6, whilst an example chromatogram and mass 
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spectrum from GC/MS analysis of a piñon vegetation sample is illustrated in Figure 
9.7. Previous studies have indicated the presence of diterpene compounds in piñon 
or other members of the Pinaceae family (Croteau et al., 1987, Conner and Rowe, 
1977, Lee et al., 2001). In particular, one study includes a diterpene identified in the 
oil of pinus from Corsica with a very similar mass spectrum (Ottavioli et al., 2008) 
which the authors identify as palustradiene (m/z and %, 272(25), 258(19), 257(100), 
149(15), 105(26), 91(31), 81(16), 79(22), 77(16), 55(37), 43(41), 41(58)).  
The presence of this compound at the piñon-juniper site indicated another potential 
biomarker compound which supplements the use of n-alkanes in this study. The 
following section describes the quantification of palustradiene in piñon through to 
eroded sediment. 
 
 
Figure 9.6 Chemical structure of palustradiene, formula C20H32 (C = carbon, H =hydrogen). Redrawn 
from www.genome.jp. 
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in eroded sediment was found in significantly higher concentrations (t = 2.20, tcrit= 
2.08, p<0.05) in eroded sediment than in surface soil. The higher concentration of 
palustradiene in eroded sediment compared to surface soil, coincided with higher 
levels of organic matter and the preferential transport processes discussed in 
Chapter 6. In addition to higher mean concentrations, the eroded sediment samples 
also displayed greater variation in concentrations, as illustrated by standard errors in 
Figure 9.8. As with the other measured event variables discussed in Chapter 6 and 
n-alkane concentrations presented in section 9.7, palustradiene presence in eroded 
sediment may be expected to vary between events due to rainfall-runoff event 
characteristics, these will be discussed in section 9.10. 
 
Figure 9.8 Mean concentration µg g-1±SE of palustradiene in soil (n=3) and eroded sediment (n=11) 
at the piñon-juniper site. 
 
9.9.3. Variation in palustradiene in eroded sediment 
 
Figure 9.9 Mean concentration (µg g-1±SE from duplicate samples) of palustradiene in eroded 
sediment from individual rainfall-runoff events. 
0.000
0.020
0.040
0.060
0.080
0.100
0.120
Soil Bare/Grass Soil Piñon-Juniper Eroded
P
al
u
st
ra
d
ie
n
e 
C
o
n
c 
µ
g 
 g
-1
Sample
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
24/07/2010 25/07/2010 26/07/2010 03/07/2011 11/07/2011 21/07/2011 31/07/2011 05/08/2011 18/08/2011 21/08/2011 01/09/2011
2010_1 2010_2 2010_3 2011_1 2011_2 2011_3 2011_4 2011_5 2011_6 2011_7 2011_8
P
a
lu
st
ra
d
ie
n
e
 C
o
n
c 
µ
g
 g
-1
±
S
E
Palustradiene in eroded sediment
 
 9. Biogeochemical Compound Analysis 
225 
 
 
Table 9.4 Linear regression results, showing R2 and significance of the relationship between rainfall-
runoff event characteristics and palustradiene concentration. Results followed by an * are statistically 
significant at the p<0.05 level. ER = event rain; Im = maximum rainfall intensity. RC = runoff 
coefficient; Q = discharge; Sy = sediment yield; SOC = soil organic carbon. 
 
Independent variable R
2
 Significance 
ER (mm) 0.37   0.046* 
Im (mm hr
-1
) 0.51   0.013* 
RC 0.09 0.661 
Q (l) 0.07 0.403 
Sy (g) 0.07 0.464 
SOC (mg g
-1
) 0.13 0.271 
SOC yield (g) 0.08 0.094 
    
As can be seen from Figure 9.9, palustradiene concentrations vary throughout the 
rainfall-runoff events monitored, decreasing throughout the three events in 2010 and 
showing a more unclear trend during the eight events in 2011. To examine the cause 
of these variations, palustradiene concentration in eroded sediment was analysed 
against event characteristics via linear regression (Table 9.4). Only two event 
characteristics that were monitored, event rainfall and intensity, could be shown to 
be statistically significant explanatory variables. The strongest relationship was with 
rainfall intensity (R2 = 0.51), followed by event rainfall (R2 = 0.37), with both showing 
a positive relationship. The positive relationship between palustradiene 
concentrations and rainfall event magnitude indicated that during larger more intense 
rainfall events, more material was lost from the woody patches underneath mixed 
stand piñon-juniper vegetation.  
9.10. Discussion 
Analysis of n-alkanes revealed notably different signatures between grass and 
woody species. Furthermore, statistical analysis showed significant differences 
(p<0.05) in the n-alkanes present and the concentrations in which they were present, 
between the woody species across the study sites. Section 9.10.1 discusses the 
strengths and weaknesses of using biogeochemical analysis of vegetation samples 
to determine biochemical signatures which can be used as tracers for understanding 
carbon and by association sediment dynamics. Thereafter, section 9.10.2 examines 
the results from gas chromatographic analysis across the monitored sites and how 
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this increases understanding of fluvial carbon dynamics with reference to the 
differences in structure, function and hydrological connectivity discussed in Chapters 
5-7. 
9.10.1. Ability of n-alkanes to provide usable vegetation signatures: strengths 
and limitations 
At the sites over the grass-to-shrub transition in the basin, comparison of the two 
dominant vegetation input species (grama grass and creosote shrub) showed 
significant differences in n-alkanes, both in distribution (Figure 9.2) and 
concentration of different chain lengths homologues (Appendix Table 9.1). With 
regard to distribution, grama and creosote illustrated signatures of ‘archetypal’ grass 
and woody species (Nott et al., 2000, Pancost et al., 2002), with grama being 
dominated by the longer chain C31 and C33 homologues (35% and 47% respectively) 
whilst creosote was dominated by the shorter chain C27 and C29 homologues (58% 
and 29% respectively). Ultimately, C31 and C33 were used as biomarkers for grama 
(grass) inputs to organic matter because of the greater proportionate and absolute 
concentrations of these n-alkanes (Marseille et al., 1999). Similarly, C27 was present 
in all four species in this study, and as in previous studies (Tanner et al., 2007), this 
woody biomarker showed the least interspecies variation in concentration, and was 
found both in greater proportions and absolute concentrations in creosote relative to 
grama. Therefore, predominance of C27 in creosote and C31 in grama suggested that 
the ratio of C27 to C31 and changes therein, through soil to eroded sediment was a 
good indicator of the relative contributions of the two plant species and provides a 
strong rationale for their use as robust tracer compounds. 
It was observed that the total concentration of n-alkanes in surface soil samples 
varied significantly (p<0.05) across the sites (Figure 9.5). Both grass sites showed 
higher concentrations of n-alkanes in soil than the creosote site. However, n-alkane 
concentrations were found to be highest at the piñon-juniper site because evergreen 
piñon sites have persistent thick litter layers (Murphy et al., 1998, West et al., 2007, 
Fang et al., 1998). Therefore, the distribution and total concentration of n-alkanes 
signatures in soil across the sites must be considered in combination as an indicator 
of ecosystem dynamics driven by individual vegetation species. Hence, there is a 
risk that the signature of n-alkanes in soils reflects the vegetation sources with 
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greater n-alkane concentrations, not the most abundant species (Rao et al., 2010, 
Maffei, 1996). For example, grama leaves had much greater mean total 
concentrations of n-alkanes (12 µg g-1) compared to creosote (0.6 µg g-1) for n-
alkanes C27-C35 (Figure 9.2). An illustration of the potential ambiguity caused by 
different concentrations of n-alkanes in different plants was observed for C29 in 
creosote, which was proportionally more abundant relative to the other n-alkanes in 
its individual n-alkane signature (Figure 9.2). However, the concentration of C29 in 
grama grass was much greater than in creosote, although it was not the dominant 
homologue of the grass (i.e. C31 and C33; Appendix Table 9.1) (Rao et al., 2010). 
At the sites over the grass to piñon-juniper transition in the Los Piños Mountains the 
ability to use n-alkane compounds was complicated by the presence of more than 
two key input vegetation species that had a similar range of n-alkane homologues, 
as previously observed by (Rielley et al., 1991, Harwood and Russell, 1984). It was 
perhaps unexpected that of the Los Piños vegetation species, grama grass and 
juniper, rather than piñon and juniper, showing comparable n-alkane distributions. 
Specifically, juniper had significantly higher (p<0.05) total concentrations of n-
alkanes and significantly greater (p<0.05) proportions of the longer chain 
homologues C31, C33 and C35 than creosote and piñon. Observed n-alkane 
signatures were similar to previous analysis of Juniperus species with a higher 
proportion of C31 to C27 or C29 (Schwark et al., 2002). The signature of n-alkanes in 
juniper limited the ability of n-alkanes, used in isolation, to clearly differentiate 
between organic material from woody and grass sources at the piñon-juniper site. 
Therefore, a greater degree of uncertainty must be accepted in the conclusions 
drawn from n-alkane signatures, compared to the basin sites. 
A further area of uncertainty that must be acknowledged is the stability and retention 
of particular n-alkanes in soil. At all sites (apart from the grassland site at Los Piños), 
the percentage contribution of C35 was higher in soil than it was in eroded sediment. 
Although dominated by C31 and C33, grama also contained C35 which was not 
detectable in creosote which suggested that this n-alkane might be used as a grama 
biomarker in the basin. However, results suggested that C35 was preferentially 
preserved in the soil (Figure 9.2) and suggests that longer chain lengths may be 
more resistant to decomposition.  
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9.10.2. Using vegetation signatures to understand fluvial carbon dynamics 
across semi-arid grass-woody vegetation transitions 
Differences over the grass to creosote transition in the basin 
Surface Soil  
As was shown in Chapter 5 over the grass to creosote transition in the basin there 
were differences in ecosystem structure, both in terms of vegetation cover and soil 
resources. The overall trend in structure was similar to previous studies of physical 
characteristics of dryland vegetation transitions (Schlesinger et al., 1990, Asner et 
al., 2003a). The use of biomarkers has provided a new insight and strengthened the 
interpretation of erosion dynamics, particularly in the basin. In grassland the 
homogeneity of n-alkanes distribution was evident in the bare and vegetated soils 
(both dominated by C31; 65 % and 66 %, respectively). Furthermore, both soil cover 
types had very low C27:C31 and C29:C31 ratios, with no significant difference between 
bare and vegetated areas (p>0.05).  
In contrast, the creosote site displayed a much greater degree of heterogeneity in n-
alkane distributions most clearly represented by C27:C31 ratio of the soil samples 
(Figure 9.3). In soil collected from under creosote vegetation the ratio values were 
significantly higher (p<0.05), illustrating a much greater input of woody vegetation, as 
would be expected from the current creosote vegetation cover. However, soils in 
bare areas showed a significantly greater amount of C31 and significantly lower ratio 
values (p<0.05). This result was of high importance, supporting the largely anecdotal 
evidence that shrub dominated areas across the basin study area used to be 
dominated by grasses (Buffington and Herbel, 1965). Furthermore, these new results 
provide quantitative evidence supporting the theory that, following woody 
encroachment in semi-arid environments, new organic material is primarily 
concentrated in resource ‘islands’ under vegetation patches (Schlesinger et al., 
1990), whilst the bare inter-patch areas was dominated by that remaining from 
previous grass cover (Boutton et al., 1999).  
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Eroded Sediment 
Chapter 6 showed that in contrast to the grass dominated site, the creosote site 
exhibited an accentuated response to rainfall-runoff events, resulting in greater total 
discharges, sediment yields and associated organic carbon yields, whilst Chapter 7 
indicated that greater fluvial fluxes could be because of the increased hydrological 
connectivity at the creosote site (Wainwright et al., 2011). At the grama grass site, 
eroded sediment was dominated by C31 and exhibits low C27:C31 ratios (Figure 9.3) 
giving a clear indication that the carbon originated from grama grass.  
Given the demonstrated increased heterogeneity in structure and function combined 
with soil n-alkane values, it was to be expected that sediment eroded from the 
creosote site would exhibit a mixed n-alkane signature, i.e. grass and woody 
sources. The mixed signal was reflected by C27:C31 and C29:C31 ratios of sediment 
eroded from the creosote site that were significantly greater than those of sediment 
from the grass site; recent organic matter originating from creosote and 
proportionally enriched in C27 and C29 homologues, made a significant contribution to 
the bulk eroded material. However, the C27:C31 and C29:C31 ratios in sediment eroded 
from the creosote site were significantly lower (p<0.05) than those in either creosote 
vegetation samples or surface soil samples taken from under creosote vegetation. In 
contrast, there was no significant difference (p>0.05) between the C27:C31 and 
C29:C31 ratios in bare soil and eroded sediment. Results demonstrating the linkages 
between soil in bare inter-patch areas and eroded sediment were noteworthy; 
signifying that most of the soil eroded from the creosote site during rainfall-runoff 
events originates from the bare interpatch areas. Previous research into 
ecohydrological interactions in semi-arid environments has argued that eroded 
sediment is preferentially eroded from bare areas (Ridolfi et al., 2008a, Wainwright et 
al., 2000) and n-alkane ratio results presented in this study provide statistically 
significant evidence (p>0.05) supporting this. 
Preferential erosion from bare interpatch areas is as a result of a lack of vegetative 
protection (Ludwig et al., 2005) in addition to longer flow pathways resulting from the 
increased connectivity of bare areas, with the spatial distribution of vegetation being 
a key control (Boer and Puigdefábregas, 2005). Higher connectivity at the creosote 
site compared to the grama grass site was demonstrated by mean flow pathway 
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lengths in Chapter 7. Longer flow pathways are believed to lead to higher energy 
overland flow with a resultant higher erosive potential, compared to the less 
connected and simultaneously more protected grassland (Turnbull et al., 2010c). 
Further evidence of preferential erosion was provided by the total n-alkane 
concentrations that were significantly (p<0.05) higher in eroded sediment compared 
to surface soil from both the grass and creosote sites (Figure 9.5). Thus, results 
support the previous analysis of SOC concentration showing enrichment in eroded 
soil presented in Chapter 6, and builds upon previous work indicating that the 
nutrient rich fraction of soil is preferentially eroded (Chappell et al., 2001). The 
enrichment of eroded soil was further illustrated by analysis in Chapter 6 which 
showed eroded material to have a greater proportion of fines (silt and clay) than the 
source soil, highlighting the selective entrainment and transportation of fine organic 
matter rich sediment (Wan and El-Swaify, 1998). 
Differences over the grass to piñon-juniper transition at Los Piños 
Analysis of the structure, function and hydrological connectivity of the grass to piñon-
juniper transition at the Los Piños Mountains (Chapters 5-7) showed a comparable 
trend to the grass-creosote transition in the basin. The piñon-juniper woody site 
exhibited reduced vegetation cover and increased heterogeneity of soil resources, 
increased mean flow path length and an accentuated hydrological response to 
rainfall-runoff events producing greater sediment and SOC fluxes relative to the 
grassland site. As with basin sites, analysis of n-alkanes, in addition to palustradiene 
(identified in SNWR as piñon specific) enabled a greater understanding to be gained 
of organic matter dynamics. 
Surface soil 
In soils at the grassland site at Los Piños; C31 contributed the majority of total n-
alkanes (Figure 9.2) found in both bare and grass covered areas (67 % and 64 % 
respectively) and therefore, low C27:C31 and C29:C31 ratios, which moreover showed 
no significant difference (p>0.05) between soil samples taken from bare and grass 
areas. Thus, results suggested that findings from this study and previous work for 
the homogeneity of grasslands in the basin (Turnbull et al., 2010a) transcends to 
mountainous grassland dominated areas (Wilcox et al., 2003b).  
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Eroded Sediment 
Eroded sediment from the grass site was dominated by long chain n-alkane 
homologues, with low C27:C31 and C29:C31 ratios (Figure 9.3), suggesting that most of 
the SOC fluxes resulting from rainfall-runoff events originated from grass vegetation 
(Puttock et al., 2012). However as with the ratio values for eroded sediment at the 
basin grassland site, both C27:C31 and C29:C31 values were significantly higher 
(p<0.05) in eroded sediment than either the grama grass input vegetation, or site 
surface soil. The slightly higher proportions of C27 and C29 in eroded sediment, 
thought to be associated with woody input, could be indicative of the redistribution of 
n-alkanes from neighbouring woody areas in the Los Piños Mountains both via fluvial 
and aeolian processes. The redistribution of fine easily erodible wind deposited 
material, via aeolian processes was thought to be the other key geomorphic agent 
moving material during the in semi-arid environments (Ravi et al., 2010, Okin et al., 
2009, Barth, 1980). However, whilst previous research has illustrated that n-alkane 
signatures can persist in windblown sediment (Fang et al., 1999) there was limited 
evidence to support this assumption at the study sites, in addition to the limited 
understanding of the role played by aeolian processes in semi-arid environments, 
which are beyond the scope of this study.  
Multiple input species at piñon-juniper site 
At the piñon-juniper site, using n-alkanes to understand carbon dynamics was 
complicated by the presence of three current vegetation inputs and the n-alkane 
vegetation signature of juniper. Juniper, exhibited a signature lean in C27 and 
enriched in C31 (Schwark et al., 2002), more reminiscent of the signatures observed 
for grass species (Boom et al., 2002, Wiesenberg, 2004). However, analysis of 
surface soil shows significant differences in n-alkane signatures between woody and 
interpatch areas, which as discussed in Chapter 5, although largely bare still had a 
notable continued presence of grama grass. Soil samples collected from bare/grass 
interpatch areas were dominated by long chain homologues C33, C35 and to a lesser 
extent C31. As juniper also exhibited C33, C35 and C31 homologues in significant 
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quantities, this organic material in interpatch areas could not be linked with a high 
degree of confidence to grama grass origins. However, there was a significantly 
higher contribution of C27 and C29 in soil samples collected underneath the woody 
vegetated areas. The significantly higher presence of C27 and C29 homologues 
(p<0.05) under mixed stand piñon-juniper vegetated areas, suggested that although 
piñon vegetation had significantly lower concentrations (p<0.05) of n-alkanes than 
the other species present (Appendix Table 9.1), as a result of the large litter 
contribution to vegetated patches from pine needles (Pierson et al., 2010) piñon was 
a major contributor to organic matter  in woody piñon-juniper dominated landscapes 
(Barth, 1980). As a result of higher C27 and C29 concentrations under woody 
vegetation patches, these areas also showed significantly higher (p<0.05) C27:C31 
and C29:C31 ratios than bare/grass areas, as a result of higher C31 concentrations, 
had lower ratio values (Figure 9.3).  
The differences in n-alkane ratio values between bare/grass and woody patches at 
the piñon-juniper site means they could be compared with the ratio values for eroded 
sediment to understand its source. However, due to the similarities between grama 
grass and juniper n-alkane signatures, there was a degree of difficulty in determining 
between sources, based upon n-alkane signature analysis, a problem previously 
experienced when using n-alkane signatures alone (Marschner et al., 2008, Gocke 
et al., 2011). Analysis of C27:C31 and C29:C31 ratios for surface soil and eroded 
sediment (Figure 9.3) showed ratios to be significantly higher in woody soil samples, 
compared to eroded sediment, in contrast analysis showed no significant difference 
(p>0.05) between the ratios for eroded sediment and surface soil in bare/degraded 
areas. The strong similarity between the ratios recorded in bare areas and eroded 
sediment, indicated bare/grass interpatch areas are a significant source of eroded 
organic matter as proposed by previous work (Reid et al., 1999). 
Use of palustradiene at the piñon-juniper site 
The previous sections in this chapter have illustrated that long chain n-alkanes 
showed significant difference between the four main input vegetation species 
present across the study sites. Furthermore, analysis illustrated these compounds to 
be present in the organic matter of surface soil and eroded sediment and that trends 
persist through from the input vegetation species. However, even in ecosystems 
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such as those across the study sites, with relatively few input vegetation species, 
disentangling the compound signatures and using these to partition the source of 
organic matter in soil and eroded sediment was found to be complex. Therefore, 
mutually supportive techniques or biomarkers would be advantageous. 
At the piñon-juniper site the presence of palustradiene in piñon vegetation (Table 
9.3) was utilised to provide mutually supportive results and potentially reduce the 
uncertainty associated with n-alkane analysis at that site. Analysis of palustradiene 
in surface soil samples in bare/grass and woody vegetated areas, showed 
concentrations to be significantly higher under woody vegetation patches (p<0.05), 
thus supporting n-alkane analysis, field observations and previous work (Madsen et 
al., 2008) which show the presence of piñon vegetation  to result in large areas of 
fine material with a high organic matter content under piñon canopies (Robinson et 
al., 2010). Palustradiene also showed high concentrations in eroded sediment, which 
on average showed significantly higher (p<0.05) concentrations than in surface soil. 
The presence of such high concentrations of palustradiene in eroded sediment, 
contradicts those inferences made using n-alkanes. However, whilst the patches 
under piñon-juniper are thought to be a sink or store of sediment and associated 
organic matter (Davenport et al., 1998) it is recognised that as with other semi-arid 
woody vegetation patches, these will be ‘leaky’ (Wainwright et al., 2000). The 
presence of piñon sourced organic material in bare areas was supported by visual 
observations at the field sites; as such it would be expected that during rainfall-runoff 
events, some piñon sourced organic matter was eroded and redistributed.  
Unlike n-alkane analysis, which did not show significant correlations (p>0.05) with 
event characteristics, concentrations of palustradiene in eroded sediment were 
shown to be significantly (p<0.05) influenced by event characteristics (Table 8). Total 
event rainfall and maximum rainfall intensity were both shown to be statistically 
significant (p<0.05) independent variables affecting palustradiene concentration in 
eroded sediment, with both showing positive causal relationships (R2 = 0.37 and 
0.51 respectively). Thus, palustradiene allowed for a greater insight into rainfall-
runoff and associated sediment, organic matter dynamics at the piñon-juniper site. 
That larger, more intense rainfall events result in higher concentrations of 
palustradiene supports previous research that suggests that flow pathways are not 
static in time or space  (Grayson et al., 1997) and therefore, neither are the sources 
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of eroded material. It has been suggested that during smaller runoff events, flow is 
restricted to the most connected pathways, which offer least resistance (Wilcox and 
Breshears, 1995) which in piñon-juniper landscapes are believed to be the inter-
patch areas with longer more connected flow pathways (Chapter 7). However, during 
larger, more intense rainfall events, runoff can be generated underneath the woody 
canopy (Reid et al., 1999) which would result in more material being entrained and 
transported from the vegetation ‘islands’ rich in palustradiene and therefore result in 
higher palustradiene concentrations. Therefore, results indicate additional analysis of 
species specific compounds can support compounds such as n-alkanes when using 
biogeochemical techniques to address environmental research questions. 
9.10.3. Areas for further biogeochemical analysis  
Analysis of long chain aliphatic n-alkanes used within this study, demonstrated their 
value as compounds with diagnostic value in understanding the source and 
dynamics of organic material in natural environments. However, the limits in the 
ability of n-alkane signatures to distinguish between the grass and juniper vegetation 
present at one of the study sites, combined with the success in using another 
mutually supportive compound (palustradiene) support the use of further 
biogeochemical analysis in future studies. It is argued that future biogeochemical 
analysis should focus on two areas (1) the determination of further species specific 
biomarkers and (2) the determination of more specific n-alkane signatures. 
Species specific biomarkers 
As palustradiene, a diterpene specific to piñon (in the context of this study) was 
utilised, it is proposed future exploratory biogeochemical analysis would identify 
further species-specific compounds to employ for source determination. One 
hypothesis for the presence of diterpenes such as palustradiene in pine species is 
that they act as a defence mechanism (Hall et al., 2012) and due to plant physiology 
and behaviour it is expected that that the other woody species present across the 
study sites (and therefore many semi-arid areas across the US-SW) may also exhibit 
unique compounds. Juniper has been shown to exhibit the presence of essential oils 
and toxins believed to reduce its attractiveness to herbivores (Craig et al., 2004) 
whilst creosote is a notable source of natural products with approximately 50 % of 
the leaves dry weight as extractable matter with a wide range of proposed medicinal 
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uses (Arteaga et al., 2005). In particular creosote has been shown to contain 
significant quantities of the lignin-derived Nordihydroguaiaretic acid (NDGA) 
(Lambert et al., 2001). Whilst this study did not have the time or resources to carry 
out investigation into the uses or suitability of other species specific compounds for 
source determination, they provide promising avenues for further research. 
Compound specific stable 13C isotope analysis 
Whilst other classes of compounds such as n-alkanols and fatty acids have been 
illustrated to exhibit diagnostic properties (Bull et al., 2000, Otto and Simpson, 2005) 
n-alkanes have the advantage of being more resistant to degradation (Wiesenberg et 
al., 2008, Marschner et al., 2008). Furthermore, n-alkanes often (though as 
illustrated by juniper in this study, not always) show distinctive differences between 
grass and woody species (Gocke et al., 2011, Wiesenberg, 2004), which is highly 
useful given the prominence of grass-woody vegetation transitions in semi-arid 
environments (Archer et al., 1995). A method for using n-alkanes to determine more 
specific signatures is the measurement of the isotopic composition at the molecular 
(in this case n-alkane) level, using gas chromatography-combustion-isotope ratio 
mass spectrometry (GC/C/IRMS) which studies have shown has greatly enhanced 
the ability to assess the source input of organic matter (Rieley et al., 1991, Freeman 
et al., 1990, Baldock et al., 1997). As discussed in Chapter 8 all woody species are 
C3 whilst grass species in semi-arid environments are often (though not always C4). 
C4 and C3 sources exhibit distinctive differences in bulk stable carbon isotope 
signatures (Dungait et al., 2013, Puttock et al., 2012, Boutton et al., 1999). However, 
as also discussed in Chapter 8 there are areas of uncertainty in using bulk stable 
isotope analysis for source determination in soils and, it has been argued that more 
reliable δ13C input signatures may be deduced (Zech and Glaser, 2008, Collister et 
al., 1994, Chikaraishi and Naraoka, 2003).  
The compound specific δ13C analysis of plant n-alkanes has been successfully 
employed for environmental reconstruction in palaeo-environmental studies (Zech et 
al., 2009) whilst compound specific δ13C stable isotope analysis of fatty acids has 
recently been deployed as a tool to explore sediment source dynamics in river 
basins (Blake et al., 2012). As such, based upon the results present in this chapter 
and Chapter 8, it is argued compound specific δ13C analysis of plant n-alkanes offers 
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a promising future avenue for research aimed at understanding carbon dynamics in 
semi-arid environments. 
9.11. Conclusion 
To address whether analysis of n-alkane chain length signatures could be applied as 
a technique for determine the source and dynamics of organic carbon over the study 
sites, it was first necessary to determine whether the key input vegetation species 
showed distinctive differences that could be utilised. Analysis addressing n-alkanes 
in vegetation assumed the following null hypothesis: 
H0: n-alkanes distributions in vegetation show no significant difference between the 
key input vegetation species 
Results presented in this chapter have demonstrated that GC analysis of n-alkanes 
was able to show significant differences (p<0.05), both in the concentration and 
chain length distribution between leaf waxes taken from the four main species 
present across the monitored vegetation transitions. Therefore, the null hypothesis 
can be rejected and the alternative hypothesis accepted with a strong degree of 
confidence. Results presented herein illustrated the potential for using n-alkanes and 
other compounds (i.e. palustradiene in piñon) as biomarkers to link organic matter to 
its source, particularly over semi-arid, grass-woody transitions, such as the study 
sites, where there are relatively few vegetation species present. However, whilst n-
alkane homologue signatures in grama, creosote and piñon conformed to the trend 
that grass species prefer longer chain homologues and woody species shorter chain 
lengths, this was not shown in juniper, highlighting that caution was required in using 
n-alkanes for broad grass vs. woody source differentiation and site specific species 
analysis should be undertaken. 
Following determination of differences between the key input species, it was 
necessary to determine whether differences in n-alkane signatures persisted through 
to surface soil and eroded sediment and therefore could be of use for investigating 
the wider research questions posed by this study. This analysis assumed the 
following null hypothesis:  
H0: n-alkanes distributions in surface soil or fluvially eroded sediment from different 
sites show no significant differences between the study sites 
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Analysis of surface soil samples showed surface soil and eroded sediment to be 
relatively homogenous across the two grass dominated study sites, with C31 
concentrations and C27:C31 and C29:C31 ratios indicating eroded material to be grass 
dominated. In contrast analysis of soil and eroded sediment from the woody sites 
showed significantly higher C27:C31 ratios. Therefore the null hypothesis was rejected 
and the alternative hypothesis accepted. 
As well as being valuable in differentiating between sediment eroded from different 
landscape types, i.e. grama grassland, creosote shrubland and piñon-juniper 
woodland, results suggested n-alkane analysis can be used for improving 
understanding of the source of eroded sediment within the landscape. At the 
creosote site, C27:C31 and C29:C31 ratios indicated that organic material in bare areas 
was largely sourced from the pre-encroachment grass vegetation and this was the 
main source of eroded material. This was argued with a high degree of confidence 
for the creosote site, but a similar argument cannot be conclusively made for the 
piñon-juniper site due to the uncertainty resulting from the n-alkane signature in 
juniper vegetation. 
It has been suggested that, as well as the quantity of sediment, the source of eroded 
material, varies with rainfall-runoff event characteristics. As discussed in Chapter 7 
this could potentially be as a result of a change in spatial distribution of runoff, which 
during smaller events is restricted to bare inter-patch areas exhibiting a higher 
degree of hydrological connectivity. With n-alkanes (and palustradiene at the piñon-
juniper site) showing differences between bare and woody areas at the woody sites, 
this was analysed, assuming the following null hypothesis:  
H0: n-alkanes distributions in eroded sediments show no significant variation with 
rainfall-runoff event characteristics 
Based on n-alkane signatures in individual rainfall events, there was no clear trend in 
relation to monitored rainfall-runoff event characteristics, either in terms of 
concentration or chain length signature. Therefore, for n-alkanes signatures the null 
hypothesis must be accepted. However, at the piñon-juniper site total rainfall and 
rainfall intensity were shown to be significantly related to palustradiene 
concentrations (p<0.05), thus suggesting that larger, more intense rainfall events 
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result in a greater loss of material from vegetation patches underneath piñon 
vegetation. 
Based on results presented in this chapter, it is thus concluded that analysis of n-
alkanes and other biomarker compounds provides new insight into the source of 
organic matter in soil and eroded sediment over the semi-arid grass to woody 
vegetation transitions. Results presented within this chapter support those of 
chapters 5, 6 and 7 demonstrating that major differences in structure, connectivity 
and hydrological function occur over semi-arid, grass-to-woody vegetation 
transitions.  
9.12 Key points  
The main results and findings of Chapter 9 are summarised below. 
• The main vegetation species present across the study sites exhibited 
significantly different long chain (C27 to C35) n-alkane distributions (p<0.05). 
• Grama grass was enriched in the longer chain C31 homologue, whilst creosote 
and piñon woody species were enriched with C27 and C29. These patterns 
supported widespread trends shown in previous studies. However, juniper 
differed from that of other woody species being rich in C33 and C35.  
• C31 concentrations and C27:C31 and C29:C31 ratios were used to understand 
the source of organic matter from vegetation, through to soil and eroded 
sediment.  
• Results from n-alkane analysis were applied with a high degree of confidence 
over the basin grass to creosote transition, but due to the n-alkane 
composition of juniper there was greater uncertainty over the grass to piñon-
juniper transition. 
• n-alkane results of surface soil, supported the results of chapter 5, showing a 
homogenous distribution of organic material at the grasslands sites compared 
to a heterogeneous distribution at the woody sites. 
•  n-alkane signatures at the creosote site indicated the source of organic 
material in bare areas was dominated by the pre-encroachment grass 
vegetation. 
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• n-alkane signatures of eroded sediment differed significantly between grass 
and woody sites (p<0.05). 
• n-alkane signatures of eroded sediment suggested bare areas were a key 
source of material lost from the woody sites. 
• n-alkane signatures, showed no significant alteration (p>0.05) with monitored 
rainfall-runoff event characteristics. 
• Piñon vegetation samples contained the diterpene palustradiene; this could 
be traced through to the organic matter content of soil and eroded sediment 
and provides a complementary biomarker compound. 
• Concentrations of palustradiene in eroded sediment increase with rainfall 
event size and intensity (p<0.05) suggesting during larger events more 
material was lost from vegetation patches in piñon-juniper dominated 
landscapes. 
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10. Summary, Areas for Further Research and Conclusion 
10.1. Introduction 
This study develops understanding of grass-woody vegetation change and fluxes of 
water, sediment and carbon in semi-arid environments. Recent research has shown 
the benefits of adopting an interdisciplinary ecohydrological approach to 
understanding the ecosystem structure-function interactions occurring across 
multiple temporal and spatial scales (Turnbull et al., 2011, Turnbull et al., 2012, 
Wainwright, 2009, Dickie and Parsons, 2012, King et al., 2012, Wilcox et al., 2003a). 
Based upon a review of current understanding, presented in Chapter 2, there 
remained a need to gain further understanding supported by empirical data in 
several critical areas. Chapter 3 identified the key aims of this project. A need was 
identified for further understanding of the linkages between ecosystem structure and 
function, with hydrological connectivity identified as being both a conceptual and 
methodological approach with the potential for addressing these linkages within this 
study. Furthermore, this project identified the need to (and the advantages of), 
studying two grass-woody transitions, with widespread occurrence across the semi-
arid US-SW, within the same experimental framework. However, principle among 
areas requiring further research was the uncertainty over the relationship between 
semi-arid vegetation change, soil erosion and the carbon budget. Thus, this study 
sought to increase understanding of the spatial distribution and dynamics of soil 
carbon over semi-arid vegetation changes, monitoring fluvial fluxes of sediment and 
carbon and developing biogeochemical tracing techniques to determine the sources 
of eroded carbon. 
Based upon identified areas for further research, Chapter 4 outlined the 
methodological approach to address identified objectives, whilst Chapters 5-9 
presented results and analysis. Key findings of this project are outlined in Section 
10.2each objective is addressed individually, within the context of the main aim of 
this study. 
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3. Differences in connectivity: Woody sites were found to have higher 
hydrological connectivity as indicated by significantly longer MFPL. 
Furthermore, in addition to rainfall event characteristics, MFPL was shown to 
be a significant variable explaining ca. 80 % of the variance within observed 
fluvial fluxes. 
4. Comparison of transitions: Results indicated that the two grass-woody 
transitions monitored exhibit the same directional trends. Both woody sites 
exhibited increased structural heterogeneity, increased hydrological function 
and increased hydrological connectivity relative to their comparative woody 
sites. However, due to site and species specific variations the magnitude of 
trends varied between the transitions.  
10.3: Objectives 
Objective 1: To determine if ecosystem structure shows significant differences 
over the transition from grama grass to creosote shrubland and over the 
transition from grama grass to piñon-juniper woodland. 
In Chapter 5 vegetation cover and soil structure across the study sites was 
characterised via the collection of close range aerial photographs and analysis of soil 
samples for physical properties and resource content. Statistical and geostatistical 
analysis, allowed quantification of how these properties varied spatially, in relation to 
the dominant vegetation type.  
Over both grass-woody transitions, vegetation cover decreased from covering a 
majority of the site in grasslands to a minority in woody sites. In addition to a 
reduction in vegetation cover, woody dominated sites showed an increased 
heterogeneity of vegetation cover. Vegetation cover at both creosote and piñon-
juniper sites showed a strong degree of spatial dependence, compared to a 
moderate degree of spatial dependence for comparative grass endmember sites. 
Changes in the spatial distribution of vegetation were accompanied by changes in 
the spatial distribution of soil properties.  Across all sites, particle size was coarser 
and bulk density was on average greater in bare areas compared to vegetated 
areas, although this trend was only significant at the woody sites.   
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Analysis of soil resources in this study, focused upon SOC. SOC levels across both 
grass-woody vegetation transitions were shown to be higher under woody cover, 
than grass cover and lowest in bare areas. Weighted site mean values showed SOC 
levels to be slightly higher at the woody endmember sites relative to their grass 
counterparts but not significantly so. However, there was a significant difference in 
the spatial distribution of SOC, with both creosote and Piñon-juniper sites showing a 
more heterogeneous distribution of SOC as indicated by a higher degree of spatial 
dependence. The results of statistical and geostatistical analysis of SOC 
concentrations showed that there was not a significant variation in overall levels, but 
rather variation in the spatial distribution of SOC following woody encroachment. The 
increased heterogeneity of SOC following woody encroachment points to a change 
in the controlling biotic and abiotic processes following woody encroachment.  
Results of biogeochemical analysis supported an alteration in the spatial distribution 
of SOC in woody compared to grass dominated study sites, indicating that not only 
the concentration varied but also the source of carbon. Both stable carbon isotope 
and n-alkane analysis indicated that the principle source of carbon at the grass 
dominated sites originated from grass vegetation, whilst the woody sites showed a 
mixed signal reflecting the current dominant input of carbon from woody vegetation, 
in addition to the carbon originating from pre-encroachment (creosote site) or 
remaining (piñon-juniper site) grass vegetation cover.  
Differences in the spatial distribution of physical soil properties occurred with 
differing dominant vegetation cover, showing an overall shift from a relatively 
homogeneous distribution under grassland to a heterogeneous distribution under 
woody vegetation, with resources higher under vegetated areas, thus, providing 
further supporting evidence for the ‘island of fertility’. The range at which soil physical 
properties and resources were autocorrelated was shown to be often greater than 
that of vegetation. The differing range of spatial autocorrelation reflects the non-
ecological processes that govern the spatial distribution of soil resources, further 
supporting the need for a multidisciplinary approach to understand these 
landscapes. It is argued that the spatial distribution of soil and vegetation resources 
influences, and in turn, is influenced by abiotic processes, with hydrological 
processes being of major importance in such water limited ecosystems. A simple 
study of SOC storage in the surface soil may have shown no significant overall 
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difference between grass and woody sites over either transition. However, the spatial 
distribution of SOC at the woody sites indicates redistribution, with a reduced and 
more fragmented vegetation cover indicating a greater vulnerability to erosion and 
the potential for accentuated fluvial carbon fluxes. 
Objective 2: To quantify fluxes of water, sediment and carbon over the 
transition from grama grass to creosote shrubland and over the transition 
from grama grass to piñon-juniper woodland. 
Hydrological function across the studied sites was investigated by monitoring natural 
rainfall-runoff events and resulting fluxes of water, sediment and carbon. At each 
study site bound and instrumented runoff sites were used for quantification of fluvial 
fluxes in response to rainfall. All monitored study sites showed that higher magnitude 
rainfall events resulted in greater event fluvial fluxes. However, the rate of response 
varied across monitoring sites and over both monitored transitions; woody sites 
showed greater mean rainfall-runoff coefficients, maximum and total discharges, 
compared to their grassland counterparts. The accentuated rainfall-runoff response 
exhibited by both creosote and piñon-juniper woody sites indicated that the structural 
change in vegetation results in a major difference in hydrological function. 
Corresponding with the greater mean runoff response, woody sites over both 
monitored transitions showed an increase in erosion resulting in greater mean 
sediment yields, compared to their grassland counterparts. The calculation of 
enrichment ratios showed eroded sediment at all sites to be on average finer than 
the surface soil. Enrichment of fine sediment indicated the selective erosion of fine 
sediment with important implications for fluxes of nutrients associated with fine soil 
fractions and also explaining why erodible bare areas showed a coarser particle size 
distribution. Intra-event suspended sediment concentrations across all sites typically 
peaked with peak discharge during which the energy available for entrainment and 
transportation would be highest, before decreasing to below measurable quantities 
before the end of the runoff event indicating an exhaustion effect. Mean suspended 
sediment concentrations in runoff from woody sites was shown to be higher, 
although this result was not statistically significant.  
All sites showed organic carbon concentrations to be enriched in eroded sediment 
compared to surface soil, indicating preferential erosion of finer sediment. Both 
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creosote and piñon-juniper woody sites showed higher concentrations of organic 
carbon in both bulk and suspended sediment, compared to their comparative grass 
sites. Higher concentrations, coupled with higher runoff volumes and erosion, 
resulted in markedly higher yields of particulate associated organic carbon from the 
woody sites. In addition to particulate organic carbon, concentrations of dissolved 
carbon were measured, as dissolved forms of carbon also constitute a component of 
the fluvial carbon flux. As with dissolved forms of nitrates and phosphates, monitored 
across the grass-creosote transition previously, no significant difference in dissolved 
carbon concentrations were observed between the woody sites and their grass 
counterparts. However, as woody sites showed on average greater total runoff 
volumes than their grass counterparts, this resulted in greater overall fluxes of 
dissolved forms of carbon.  
Results from Chapter 6 showed that overall woody-dominated sites showed a 
greater rainfall-runoff response compared to comparative grass-dominated sites. As 
a result of this increased hydrological function, woody sites experienced greater 
fluvial fluxes of sediment and carbon. Theory suggests that the dominant source of 
erosion, in woody-dominated semi-arid landscapes is from bare areas which 
progressively get more degraded over time. However, higher levels of organic 
carbon in bulk and higher concentrations of organic carbon in suspended sediment 
eroded from woody sites suggest that sediment was also being redistributed from 
carbon rich ‘resource islands’ under vegetation. Results were supported by 
biogeochemical analysis which shows the loss of organic carbon from woody sites to 
exhibit a mixed signal, reflecting both the loss of carbon sourced grass in the 
interpatch areas and the loss of carbon sourced from woody vegetation. Whilst 
variations in biogeochemical signatures due to event characteristics were difficult to 
interpret, that carbon concentrations increased with the magnitude of rainfall-runoff 
events suggests that the sources of fluvial carbon fluxes within the landscape are 
spatially and temporally variable. 
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Objective 3: To compare and contrast ecosystem structure, function and 
connectivity over the transition from grama grass to creosote shrub and over 
the transition from grama grass to piñon-juniper woodland. 
This study carried out monitoring over the transition from grama grassland to both 
creosote shrubland and piñon-juniper woodland in a consistent framework. The two 
vegetation transitions were chosen as they represent vegetation change occurring 
across wide swathes of the US-SW. Additionally two transitions were chosen so as 
to be able to move beyond a one site, one view approach, assessing whether 
ecohydrological interactions observed, hold true when applied across different 
transitions.  
Results presented in Chapters 5 and 6 illustrated that the structure and function of 
the grass-woody transitions varied between the grama to creosote transition 
monitored in the Rio Grande basin and the grama to piñon-juniper transition in the 
neighbouring Los Piños Mountains. Variations can largely be accounted for by a 
combination of biotic (vegetation species characteristics) and abiotic variables 
(underlying soil and geology, slightly higher mean rainfall and slope at the mountain 
sites). For example a notable difference between the two transitions was the 
inorganic carbon content of soil, which due to the presence of a thick near calcium 
carbon layer, was significantly higher at the basin sites (p<0.05). 
Whilst the two transitions did show variation, as can be seen from the summary of 
results for Objective 1 and Objective 2, both monitored grass-woody transitions 
showed comparable differences in ecosystem structure and hydrological function.  In 
Chapter 3, this study identified the need to develop further understanding of the 
linkages between structure and function and how these change following woody 
encroachment. Results presented in Chapter 7, suggest that changing hydrological 
connectivity should be viewed as an emergent property of the transition from grass-
dominated to woody-dominated landscapes. Furthermore, attempts to quantify 
hydrological connectivity using a flow link metric showed that: (1) both woody sites 
showed greater mean flow lengths than their woody counterparts (2) in combination 
with rainfall characteristics, the flow length metric was shown to be a significant 
explanatory variable for hydrological function, including the fluvial fluxes of carbon. It 
must be acknowledged that hydrological connectivity will also show temporal 
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variability, not accounted for in this study and further work is required to assess how 
flow length varies across greater spatial scales. However, it is, argued that flow path 
length provides a useful tool by which to classify the hydrological connectivity of 
landscapes and to develop understanding of the changes in structure and function 
over semi-arid vegetation transitions. 
Based on results presented in this study, it is suggested that over both the transition 
from grama grassland to creosote shrubland and from grama grassland to piñon-
juniper woodland, structure, connectivity and function all show the same directional 
trend. Differences between grassland and woodland were accompanied by 
increased structural heterogeneity, increased hydrological connectivity and 
increased hydrological function. The finding, that both transitions monitored showed 
comparable differences, has important implications, potentially allowing for the 
application of common conceptual and methodological approaches across semi-arid 
landscapes experiencing woody encroachment, both across the US-SW and 
globally.  However, results also suggest that the magnitude of changes will vary 
dependent on a range of variables such as vegetation and underlying soil 
characteristics. Thus, local and species specific variation needs to be accounted for 
when addressing specifics, such as changes in levels of carbon storage or loss of 
carbon via erosion following woody encroachment. 
Objective 4: Derive and use biogeochemical tracing techniques to further our 
understanding of the effect of vegetation cover on fluvial sediment and 
organic carbon fluxes. 
As discussed in the summary for Objectives 1-3, biogeochemical analysis supported 
the ecohydrological monitoring results presented in Chapters 5, 6 and 7, providing 
new insight into carbon fluxes. Results found that not only did the spatial distribution 
and magnitude of fluxes differ between grass and woody sites, but so did the source 
of eroded organic carbon, which was both spatially and temporally variable over the 
monitored transitions.  
This study used two different natural abundance techniques to trace organic material 
from vegetation, through to surface soil, through to sediment eroded during summer 
season monsoon rainfall events. The first technique used was the analysis of bulk 
δ13C isotope values via isotope ratio mass spectrometry (Chapter 8), followed by the 
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analysis of long chain aliphatic hydrocarbons (n-alkanes) from plant lipids via gas 
chromatography analysis (Chapter 9). In addressing Objective 4, this section 
summarises the key findings of the analysis conducted in Chapters 8 and 9, before 
reviewing the two different methods used. 
Summary of carbon isotope and n-alkane analysis 
Stable carbon isotope analysis presented in Chapter 8, revealed bulk δ13C values of 
C4 grass vegetation to be significantly higher (p<0.05) than in C3 woody species. This 
study also revealed differences in bulk δ13C values for different C3 woody species, 
supporting the need for site specific and species specific analysis of input vegetation 
when applying stable carbon isotope analysis techniques. Furthermore, significant 
differences (p<0.05) in bulk δ13C values, between input vegetation and surface soil 
at all monitored sites illustrated the need for caution in using input vegetation 
signatures for source determination. 
Analyses showed significant differences (p<0.05) in bulk δ13C values, between 
surface sediments over the two monitored grass to woody vegetation transitions. 
However, although there were significant differences (p<0.05) between bulk δ13C 
values of vegetation input and surface sediments, there appeared to be no 
subsequent significant (p>0.05) alteration in the bulk δ13C values of sediments 
following soil erosion. Thus, suggesting that the δ13C values of mobilised and 
transported sediment can be linked, with confidence, to source or in situ δ13C values 
of soil and surface sediment to understand movement of material around 
environments. The disparity between vegetation and soil bulk δ13C values, in 
contrast to the close relationship between surface and eroded sediment, suggests 
that techniques, intended to determine the source of eroded sediment, would be 
improved by the use of surface sediment δ13C values, rather than the vegetation 
values. 
Further biogeochemical analysis presented in Chapter 9, illustrated that analysis of 
n-alkane compounds in the vegetation species present across the monitored 
transitions, revealed distinctive differences in both concentrations and chain length 
distribution. Analysis of n-alkane compounds supported findings in the previous 
sections of this study showing soil carbon distributions to be relatively homogeneous 
both in spatial distribution and source at the grassland sites; in contrast the woody 
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sites showed a greater level of heterogeneity in spatial distribution and a mix of 
grass and woody sourced carbon. Analysis of eroded sediment found that sediment 
lost from woody landscapes showed notable contributions of grass sourced carbon, 
indicating both the importance of ‘old’ carbon sourced from previous vegetation 
cover and also preferential erosion from bare areas. 
The interpretation of n-alkane analysis was applied with a high degree of confidence 
over the grass to creosote transition, where the transition from grass to woody 
vegetation mainly consists of the replacement of one species by another. Yet a 
greater uncertainty was acknowledged in analysis over the transition from grassland 
to piñon-juniper woodland, where piñon pine, juniper and grass were all present in 
the woody endmember state. The complexity in interpreting n-alkane results at the 
piñon-juniper endmember site resulted from juniper and grama grass having n-
alkane signatures which were difficult to differentiate; this reflects the difficulty in 
using a single analytical technique for source determination at a species level.  
Review of the two different biogeochemical methods used: 
Vegetation input values 
Both techniques used within this study provided a means by which to establish 
different signatures for vegetation of different type or photosynthetic pathway, 
supporting the use of nature abundance biogeochemical analysis for source 
partitioning and tracing analysis. Analysis in Chapter 8 revealed there to be 
significant differences (p<0.05) not only between C4 grasses and C3 woody species, 
but also the different woody species present at the study sites (Section 8.2.1). 
However, as also discussed in Chapter 8, it is recognised that a range of biological 
and environmental factors can result in inter- and intra-specific mean bulk δ13C value 
variation, which may complicate subsequent interpretation of these values in SOC. 
As such, it is argued that there is a strong argument for using additional tracing 
approaches, with the aim of acquiring more specific vegetation input values. Due to 
their recognised diagnostic properties (Section 9.2) the use of n-alkanes was 
investigated. Analysis found there to be statistically different (p<0.05) patterns of n-
alkanes between the different key species present at the study, both in terms of the 
percentage contribution of n-alkanes and the ratios between different homologues of 
different chain lengths (Section 9.4). Thus, it was argued that n-alkanes provided a 
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suitable means by which to attempt source tracing of organic carbon in environments 
such as the study sites used herein. 
Surface soil 
Analysis of mean bulk δ13C values surface soils across the different study sites 
(Section 8.2.1) revealed there to be differences (p<0.05) between the grass, 
creosote and piñon-juniper dominated sites. At the woody sites mean bulk δ13C 
values of surface soil were greater (p<0.05) than the current dominant woody 
vegetation cover, particularly in bare/degraded areas. Therefore, mean bulk δ13C 
values indicated the presence of C4 carbon, reflecting the continued influence of the 
pre-encroachment grass vegetation cover. However, uncertainty was introduced into 
the conclusions drawn from mean bulk δ13C values, as a result of the values at the 
grass sites being lower than the grass vegetation values. Based on a literature 
review, a series of possible explanations were proposed for the observed surface 
soil values at the grass sites (Section 8.3) yet they remained unquantified. The 
analysis of n-alkanes in surface soil provided a possible means by which to address 
the questions posed by carbon isotope analysis. 
The analysis of n-alkanes at the woody creosote dominated site supported the 
theory that there is still a notable contribution of pre-encroachment grass sourced 
carbon remaining at the site. Long chain homologues C31, C33 and C35, indicative of 
grass sources all showed a greater contribution in surface soil than creosote 
vegetation (Figure 9.2). Particularly notable was the presence of C35 which was not 
present at all in the analysis of creosote vegetation. Furthermore, the percentage 
contribution of C31, C33 and C35 was greater and C27 and C29 (indicative of creosote) 
was less (p<0.05) under bare areas compared to under creosote vegetation. Thus, 
n-alkane results support carbon isotope analysis, showing the presence of pre-
encroachment grass sourced carbon and additionally, that this was found in larger 
quantities in bare areas as opposed to under creosote cover. As discussed (Section 
9.10.1) analysis at the piñon-juniper site was complicated by the n-alkane signature 
of juniper (atypical for a woody species) and therefore it was not possible to tell 
whether the C33 and C35 which dominated the n-alkane signature of surface soil was 
sourced from grass or juniper. However, under woody areas a greater (p<0.05) 
amount of C27 and C29 (indicative of piñon) and higher C27:C31 and C29:C31 ratios 
 
 10. Summary and Conclusion 
251 
 
(Figure 9.3) added further support to the carbon isotope results by showing a 
concentration of woody sourced carbon in ‘islands’ under woody vegetation cover.  
At both the grass sites, the dominance of C31 (Figure 9.2) supported the carbon 
isotope values in showing grass vegetation was the dominant source of organic 
carbon at the sites. There was a higher percentage contribution of C27 (indicative of 
woody vegetation sources) in surface soil compared to the grass vegetation, 
supporting the carbon isotope values (lower in surface soil than grass input 
vegetation). However, the experimental framework did not allow quantification of 
whether these may have come from past woody/C3 vegetation, seasonal forbs or 
CAM (cacti) vegetation not accounted for in the sampling strategy (Section 8.3) or 
windblown material deposited on-site.  
Eroded sediment 
Analysis of eroded sediment presented in Chapter 8, showed the mean bulk δ13C 
and estimated % C4 values of sediment from each site to closely match that of the 
mean surface soil value (Figure 8.1). Thus, carbon isotope results suggested that the 
loss of SOC was dominated by C4 sources at the grass sites and C3 sources at the 
woody sites (Table 10.1), whilst woody sites were also losing C4 grass sourced SOC. 
The n-alkane signatures of eroded sediment supported the carbon isotope analysis 
showing that eroded sediment from the grass sites was dominated by the longer 
chain C31 and C33 homologues indicative of grass sources. Furthermore, at the 
creosote woody site, the composition of eroded sediment was dominated by C27 and 
C29 (indicative of woody source), resulting in higher C27:C31 ratios in eroded sediment 
(Table 10.1) but also showed a notable contribution C31 (Figure 9.2) indicating 
continued loss of SOC from pre-encroachment grass vegetation, most likely from 
bare inter-shrub areas (Section 9.10.2). As with surface soil, understanding the 
source of eroded sediment at the piñon-juniper site was complicated by the signature 
of juniper, with results indicating a mixed source. 
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Table 10.1. Summary of key results for biogeochemical analysis of eroded sediment. δ13C ‰ = the 
mean bulk carbon isotope value (±SE); % C4 = the estimated percentage of C4 sourced organic 
material, % C31 = the percentage contribution of C31 n-alkane (relative to total measured C27-C35); 
C27:C31 = ratio of C27:C31 presented as a decimal fraction.  For measured variables, values followed by 
the same letter are not significantly different whist values followed by a different letter are significantly 
different (p<0.05). 
Site δ13C ‰ % C4 % C31 C27:C31 
Grama Grassland in Basin (9)  -19.9 ±0.2a 53.9±1.4a 41.23±2.25a 0.35±0.08a 
Creosote in Basin (10) -22.8 ±0.4b 27.7±3.2b 35.80±3.35b 0.64±0.09b 
Grama Grassland at Los Piños (11)  -18.4 ±0.7a 60.4±6.9c 25.25±1.59c 0.35±0.06a 
Piñon-juniper at Los Piños  (8)  -20.8 ±0.6c 37.6±5.5d 20.37±1.09d 0.59±0.09b 
 
Analysis of eroded sediment based upon carbon isotopes raised the same areas of 
uncertainty as analysis of surface sediment i.e. that from grass dominated sites the 
bulk δ13C values were lower than that of the input vegetation (Section 8.3). The n-
alkane composition (Figure 9.2) and ratios of eroded sediment from the grass sites 
(Figure 9.3) supported the trends observed in carbon isotope results, showing a 
greater contribution of C27 and C29 relative to woody vegetation. However, the 
analysis of n-alkanes also added further understanding to that gained from the 
carbon isotope values, showing that C27 and C29 (indicative of woody sources) were 
present in significantly higher (p<0.05) amounts in eroded sediment compared to 
surface soil. Whilst still not being able to quantify the source of the potentially non-
grass carbon at the grass sites, that it was being preferentially eroded (as indicated 
by higher ratios in eroded vs. surface soil, Figure 9.3), potentially indicated fine 
windblown material deposited on the sites (Section 9.10.2). 
Figure 10.2. provides further evidence showing that the two techniques produced 
results that were in agreement. Figure 10.2. shows that there was a significant 
(p<0.05) negative relationship between the percentage of estimated C4 material in 
eroded sediment and the C27:C31 n-alkane ratio in eroded sediment. Thus, samples 
with a higher estimated percentage C4, indicating a grass source, had less C27 and 
more C31 which was also taken to signal a grass source. 
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Figure 10.2. Linear relationship between estimated percentage of C4 organic material and C27:C31 n-
alkane ratio (p<0.05 R2=0.32). 
Overall, carbon isotope and n-alkane analysis supported common conclusions 
showing that: (1) soil and eroded organic carbon was dominated by grass sources at 
the grass sites and woody sources at the woody sites (2) woody sites also contained 
and were losing grass sourced SOC, believed to be from pre-encroachment woody 
vegetation and (3) both biogeochemical techniques showed grass and woody sites 
to show statistically different biogeochemical signatures in eroded sediment 
(p<0.05), supporting the use of these techniques to upscale understanding to larger 
scales. 
10.4. Fluvial carbon fluxes within the carbon budget 
As summarised in Sections 10.2 and 10.3, this study showed that a difference in 
structure and hydrological connectivity between the grass and woody sites resulted 
in a greater rainfall-runoff response at woody dominated sites. Over both monitored 
transitions, the accentuated hydrological response at the woody sites was shown to 
result in significantly larger (p<0.05) amounts of organic and inorganic carbon being 
lost via fluvial erosion. As discussed in Section 2.6.4. soil erosion is an area of the 
carbon budget over which there is major uncertainty (Lal, 2005, Quinton et al., 2010) 
nonetheless, it is only one component of the ecosystem carbon cycle (Section 2.6). 
To put the erosion of carbon measured within this study into context, Table 10.2 
presents monitored event organic carbon yields (normalised and presented as g m-2) 
along with estimates of surface (top 5 cm) soil organic carbon storage (calculated 
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from weighted mean values presented in Chapter 5 and presented as g m-2). 
Additionally, above ground biomass (AGB) and annual net primary productivity 
(ANPP) values (g m-2) were taken from the literature (taken from studies conducted 
at the SNWR (Cross and Schlesinger, 1999, Muldavin et al., 2008) for all vegetation 
covers apart from piñon-juniper values which were from the Colorado Plateau, 
Arizona (Turner et al., 2005)). As well as data relating to organic carbon, estimates 
of surface soil inorganic carbon storage (to 5 cm depth) relative to observed event 
yields are also presented (Table 10.3).  
Table 10.2. Estimated mean soil organic carbon storage per study site to a depth of 5 cm (SOC g C   
m-2 ± SE N = 90) along with; estimates of aboveground biomass storage (AGB g m-2), annual net 
primary productivity (ANPP g m-2) and mean organic carbon yields eroded during rainfall-runoff events 
(OC g m-2 ± SE N = 8-11 depending on site). For measured variables, values followed by the same 
letter are not significantly different whist values followed by a different letter are significantly different 
(p<0.05). 
Study Site SOC (g m-2) AGB mean (g m-2) ANPP (g m-2) OC Event Yield (g m-2) 
Grama Grass in Basin 153.86±30a 371.98* 51.1***-54.0** 0.003±0.00a 
Creosote in Basin 154.76±6a 252.56* 59.2*** 0.112±0.09b 
Grama Grass at Los Piños 612.85±80b 438.08* 51.1***-54.0** 0.030±0.02c 
Piñon-juniper at Los Piños 774.24±150c 2370-5410** 212.0** 0.151±0.051d 
Mean SOC and OC event flux values are from data collected in this study and calculated using the 
values presented in Chapter 5 and Chapter 6. AGB and ANPP carbon example values are from mean 
values presented in published studies in the US-SW.*(Cross and Schlesinger, 1999),**(Turner et al., 
2005)***(Muldavin et al., 2008). 
 
Table 10.3. Estimated mean soil inorganic carbon storage per study site to a depth of 5 cm (SIC g m-2 
± SE N = 90) and mean inorganic carbon yields eroded during rainfall-runoff events (IC g m-2 ± SE N = 
8-11 depending on site). For each variable values followed by the same letter are not significantly 
different whist values followed by a different letter are significantly different (p<0.05). 
Study Site SIC (g C m-2) IC Event Flux (g C m-2) 
Grama Grass in Basin 341.81±70 0.01±0.00a 
Creosote in Basin 655.05±160 0.13±0.08b 
Grama Grass at Los Piños 180.45±110 0.01±0.01a 
Piñon-juniper at Los Piños 133.67±130 0.03±0.01c 
 
As can be observed from Tables 10.2 and 10.3, the mean carbon eroded during 
each rainfall-runoff event only constituted a minor fraction of the estimated soil 
carbon stored at each site. Whilst, precipitation patterns vary as influenced by the 
Pacific Decadal Oscillation (PDO) and El Niño Southern Oscillation (ENSO) climatic 
cycles, monitoring carried out by this study and previous work (Turnbull., 2008) 
indicated the occurrence of fewer than 10 such runoff generating rainfall events per 
year. SOC storage estimates at the sites located in the Rio Grande Basin were 
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comparable to those calculated in previous research conducted at the sites (Brazier 
et al., 2013) and showed no significant overall difference (p>0.05) between the grass 
and shrubland sites in the basin. Thus, results support previous research indicating 
that following shrub encroachment it is the spatial distribution, (As shown by results 
from geostatistical analysis in Section 5.4.4) rather than the net amount of SOC that 
changes (Connin et al., 1997). However, due to higher SOC levels (Section 5.4.4) 
storage of organic carbon was significantly higher (p<0.05) at the Los Piños sites, 
particularly under piñon-juniper woodland cover. 
 
Values for above ground biomass (Table 10.2) indicated that more carbon was 
stored in vegetation than in the soil at all sites apart from the grass site at Los Piños. 
As would be expected, AGB was highest in areas of piñon-juniper woodland, 
supporting previous research arguing the increase in woody biomass associated with 
woodland expansion in drylands will lead to an increase in carbon storage as 
biomass (Fang et al., 2001, Krull et al., 2005, Asner et al., 2003a). In contrast, 
research at the SNWR research indicated AGB to be higher in areas of grassland 
than creosote shrubland (Cross and Schlesinger, 1999). Supported by other studies 
in the US-SW (Tellman, 1999), higher AGB in grassland than creosote shrubland 
reflects the reduction in vegetation cover associated with shrub encroachment. 
However, values presented here do not account for carbon in soil below 5 cm or for 
below ground biomass which previous studies have suggested also increases 
following woody encroachment (Jackson et al., 2002, Jobbagy and Jackson, 2000).  
 
CO2 fluxes in semi-arid environments such as those studied herein, have been found 
to show a large degree of inter-annual variation dependent upon precipitation pulses 
and vegetation cover and growing regimes (Huxman et al., 2004, Austin et al., 2004, 
Mielnick et al., 2005). Huxman et al (2004a) has argued that in semi-arid 
environments CO2 effluxes following precipitation may outweigh photosynthetic CO2 
accumulation, so that a precipitation pulse, or rainy season, can result in a net loss 
of carbon from an ecosystem. Mielnick et al., (2005) found that averaged over six 
years, grass dominated areas of the Chihuahuan desert constituted a carbon source 
(+145.3 g m-2 yr-1). As with grasslands, research in semi-arid creosote shrublands 
(Scott et al., 2006), has revealed gaseous carbon fluxes to vary throughout the year. 
Scott et al., 2006, showed net ecosystem exchange of carbon to range from +35 g 
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m-2 (July) to -26 g m-2 (October). Shrub dominated ecosystems were shown to lose 
carbon when the shrubs were dormant and gain carbon once shrubs began to 
transpire (Scott et al., 2006). Whilst site specific values of gaseous fluxes were not 
available, values from the literature suggest, as with ANPP, the annual net 
ecosystem exchange or net CO2 flux (incorporating both vegetation and soil) of 
carbon would be greater than the fluxes resulting from fluvial erosion.  
Results presented in Section 10.4 suggest that the loss of carbon due to fluvial 
erosion across all sites represents a small fraction of that stored as SOC and AGB 
(<1%); whilst also representing a minor change relative to that of ANPP (Table 10.2). 
However, results presented in Chapter 6 and summarised in Tables 10.2 and 10.3 
also illustrated the difference in functional response to rainfall events, with mean 
event fluvial fluxes of carbon (both organic and inorganic) from woody sites being an 
order of magnitude greater than those from their comparative grass dominated sites.  
10.5. Areas for further research 
Several areas for further research have been recognised in two main areas: (1) 
those continuing to develop understanding of the relationship between semi-arid 
vegetation change and fluvial carbon fluxes, particularly methods for testing findings 
at the larger catchment or landscape scale and (2) the application of an 
ecohydrological monitoring framework and the techniques utilised in this study to 
other environments and pertinent research questions. These two topics will now be 
considered. 
(1) Semi-arid vegetation change and fluvial carbon fluxes 
The results presented in this study have demonstrated that woody sites showed an 
accentuated hydrological response to rainfall events, compared to their grassland 
counterparts, resulting in increased fluvial fluxes of carbon. With the widespread 
occurrence of woody encroachment across large areas of the US-SW and in many 
semi-arid areas globally there is a clear impetus to up-scale the results presented 
within this study. This study has successfully quantified the differences in structure, 
function and connectivity, influencing carbon fluxes over two prominent grass-woody 
vegetation transitions. However, it is acknowledged that understanding gained at the 
hillslope scale, cannot easily be up-scaled to the landscape scale. As previous 
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research has demonstrated, the processes influencing sediment and nutrient fluxes 
are scale dependent, with observed yields typically reducing  with increasing scale 
(Brazier et al., 2007, Parsons et al., 2006) therefore, complimentary techniques are 
required to understand carbon dynamics across the landscape. 
Developments in process based modelling approaches to incorporate a more robust 
representation of the physical processes involved has led to advances in the ability 
to model, erosion and sediment transportation (Wainwright et al., 2008a, Wainwright 
et al., 2008b) in addition to nutrient fluxes (Turnbull et al., 2010c). Recent work has 
shown the strength in parameterising and evaluating the process-based Mahleran 
model, using empirical data collected across semi-arid vegetation transitions 
(Turnbull et al., 2010c, Mueller et al., 2007). Whilst problems were shown in 
predicting dissolved nutrient fluxes, following parameterisation against field data 
Mahleran has been shown to be strong in simulating sediment bound fluxes of 
nitrogen and phosphorus (Turnbull et al., 2010c). Thus, it is suggested that a similar 
approach is adopted to allow for modelling of carbon fluxes, involving 
parameterisation and evaluation against field data collected from this study. 
Furthermore, as it has been demonstrated that the spatial distribution of carbon 
within the landscape varies due to a series of interacting abiotic and biotic 
processes, this study provides further support to the identified need (Turnbull et al., 
2010c) to adopt a spatially-explicit ecohydrological approach, incorporating both the 
hydrological processes that spatially redistribute carbon within the landscape and 
result in losses to connected fluvial systems, with the ecological processes that 
influence carbon cycling. 
In up-scaling understanding of carbon dynamics, it is also argued biogeochemical 
source partitioning techniques, as explored within this study, would play a valuable 
role in understanding fluvial carbon fluxes across larger spatial scales. Previous 
studies have illustrated the potential for using such techniques in understanding the 
in-situ source and dynamics of carbon across larger spatial (Bai et al., 2009) and 
temporal (Feakins et al., 2005) scales than in this study. Coupled with results herein 
- which have illustrated the potential for biogeochemical analysis to derive signatures 
that can be traced from vegetation through to eroded sediment to determine between 
grass and woody vegetation sources of carbon - it is suggested that biogeochemical 
analysis may allow investigation into the source of eroded sediment at the landscape 
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scale. Previous studies have demonstrated the ability to analyse the isotopic and n-
alkane composition and thus, gain an understanding of the source of sediment and 
organic matter in rivers (Aucour et al., 1999, Wu et al., 2007, Jeng, 2006). Based 
upon the findings of this study it is suggested that analysis of eroded sediment 
throughout catchments is coupled with geostatistical analysis of soil from different 
land cover and land units, to facilitate source determination. Whilst such landscape 
scale biogeochemical sampling and analysis may be possible at sites such as the 
SNWR, it would be more robust in semi-arid instrumented experimental catchments 
such as Walnut Gulch, Arizona (Abrahams et al., 1995, Goodrich et al., 2008), where 
hydrological processes could be more successfully quantified across scales.  
In summary, this study would advocate the undertaking of both landscape scale 
modelling and biogeochemical source partitioning techniques, within a mutually 
supportive framework, to develop a greater understanding of the dynamics and 
sources of fluvial carbon fluxes within the landscape. 
(2) Application of an ecohydrological monitoring framework in different environments 
In addition to developing understanding in semi-arid environments undergoing 
vegetation transitions, it is believed the combined techniques applied within this 
study to provide robust quantification of structure, function and connectivity, have 
application to a wide range of environments and to a wide range of pertinent 
research questions. Recent research has demonstrated the application of 
geostatistical analysis in understanding the spatial variability of  soil properties and 
resources at the farm scale (Peukert et al., 2012), whilst the combining geostatistical 
analytical techniques with high resolution remote sensing data has enabled 
quantification of structure and relation to ecohydrological function at larger spatial 
extents than has traditionally been possible in field studies (Croft et al., 2012, 
Luscombe et al., In Review). 
Connectivity has been utilised within this study, both as a useful conceptual 
approach for understanding the linkages between environmental structure and 
function, but also via the measurement of flow length, as a quantifiable metric of 
functional connectivity (hydrological), explaining observed fluxes of water, sediment 
and carbon. Recent research has demonstrated  application of connectivity as a 
concept to explain observed patterns of structure and function across a range of 
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environmental systems (Wainwright et al., 2011). With the quality and availability of 
high resolution remote sensing datasets only going to improve with recently 
emerging technologies (Anderson and Gaston, 2012) it is argued that approaches for 
quantifying connectivity as a metric, similar to that undertaken within this study can 
readily be applied across a range of environments. An ongoing research project at 
the University of Exeter, is investigating the ability of unimproved or Culm grasslands 
in SW England to provide key ecosystem services in the form of water storage, water 
quality and the storage of carbon in soil. It is believed that the structure of vegetation 
and soil within these wet grassland ecosystems (relative to agricultural land and 
invasive scrubland) affects both hydrological functioning and soil resource storage. 
Integrating the ecohydrological experimental design demonstrated here, within 
projects such as this, demonstrates the widespread application of robust 
ecohydrological monitoring frameworks to quantify structure, function and 
connectivity. 
10.6. Conclusion 
Using an integrated ecohydrological and biogeochemical monitoring approach, this 
study found grass and woody sites across two semi-arid vegetation transitions to 
exhibit comparable differences in structure, connectivity and function. It was found 
that the transition from grassland to both creosote shrubland and piñon-juniper 
woodland resulted in the increased structural heterogeneity of vegetation and soil 
resources, a higher level of hydrological connectivity and accentuated hydrological 
function in response to rainfall events. Whilst it must be acknowledged that different 
vegetation types and locations exhibit unique characteristics, that the two transitions 
monitored exhibited comparable directional differences provides a valuable insight 
into semi-arid vegetation change, supporting the application of common conceptual 
and methodological frameworks for understanding semi-arid grass-to-woody 
vegetation transitions. 
This study focused on carbon dynamics over semi-arid vegetation transitions, using 
field monitoring, biogeochemical and statistical analysis to demonstrate that over 
grass-woody transitions, both the spatial distribution and type of soil carbon change 
from relatively homogeneous to heterogeneous systems. The accentuated 
hydrological response exhibited by the woody sites resulted in fluxes of water, 
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sediment and carbon, an order of magnitude greater than those experienced at the 
grass sites. Therefore, results suggest that following woody encroachment semi-arid 
ecosystems will experience greater losses of carbon via erosion. It is argued that 
increased fluxes result from increased hydrological connectivity which is an 
emergent property of the structural changes and ecohydrological interactions that 
concur with grass to woody vegetation transitions. 
The increased fluvial fluxes of carbon following woody encroachment have important 
implications for the quality of semi-arid landscapes and other degrading ecosystems 
across the US-SW and globally. It is thus necessary to translate the understanding of 
carbon dynamics developed within this study to the landscape scale, so changing 
fluvial carbon fluxes can successfully be incorporated into carbon budgets, research 
frameworks and land management strategies at policy-relevant scales.  
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Appendix 
Appendix tables from Chapter 6 and Chapter 9 
Appendix Table 6.1 Summary of rainfall-runoff results for each monitored rainfall event, showing 
rainfall characteristics (rainfall and maximum intensity); runoff characteristics (time prior to runoff, RC 
(RC= runoff coefficient), Total and Peak Q (Q=discharge) and total eroded sediment yield. Missing 
values are as a result of equipment malfunction. 
Site Date Rainfall  Max Rain Intensity Time prior runoff Rain Prior Runoff RC Total Q  Peak Q Eroded Sediment 
    (mm) (mm hr
-1
) (min) (mm)   (L) (L min
-1
) (g) 
Grama grass in basin 25/07/2010 20.95 45.60 10.00 5.58 0.05 294.31 24.85 391 
12/07/2011 4.32 60.96 7.00 4.06 0.14 4.43 0.64 45.29 
29/07/2011 4.06 30.48 3.00 1.78 0.00 5.91 0.17 37.91 
31/07/2011 17.78 45.72 3.00 0.76 0.09 481.99 27.98 1006 
19/08/2011 1.27 15.24 4.00 0.76 0.01 5.06 1.20 66.89 
21/08/2011 1.78 30.48 14.00 1.27 0.01 5.48 2.52 66.57 
24/08/2011 4.06 30.48 13.00 2.29 0.01 8.30 2.11 119.21 
03/09/2011 4.06 30.48 7.00 1.78 0.01 11.94 3.22 105.54 
07/09/2011 6.35 45.72 5.00 1.52 0.03 53.55 6.06 249.58 
Creosote in basin 28/06/2010 14.10       0.07 291.01 43.90 952.3 
25/07/2010 19.99 91.20 10.00 3.29 0.33 1981.08 201.75 4026.5 
01/08/2010 7.57 76.20 8.00 4.78 0.06 138.80 43.90 535.1 
12/07/2011 7.97 60.96 13.00 3.05 0.14 339.64 70.85 405.19 
29/07/2011 3.05 30.48 29.00 2.54 0.05 47.12 15.82 125.21 
31/07/2011 13.21 30.48 58.00 8.13 0.23 893.38 79.66 2748 
19/08/2011 1.78 15.24 10.00 1.02 0.07 36.60 15.82 121.75 
24/08/2011 3.30 15.24 8.00 0.76 0.01 9.52 2.18 319.21 
03/09/2011 4.06 30.48 4.00 1.27 0.03 38.12 6.38 500.71 
  07/09/2011 5.33 45.72 4.00 0.76 0.10 157.20 31.20 572.52 
Grama grass at Los Piños 03/07/2011 8.64 60.96 4.00 1.78 0.07 121.58 10.41 159.64 
11/07/2011 4.32 45.72 3.00 1.52 0.02 18.51 6.85 65.26 
21/07/2011 4.32 30.48 8.00 1.16 0.10 92.99 6.85 178.89 
31/07/2011 3.81 30.48 19.00 1.27 0.03 23.90 3.89 106.89 
05/08/2011 13.20 60.96 1.00 0.76 0.19 514.01 79.04 1683.7 
18/08/2011 13.72 45.72 2.00 0.76 0.07 213.86 10.41 158.88 
21/08/2011 1.78 15.24 3.00 0.58 0.03 11.89 3.89 31.82 
  01/09/2011 11.94 45.72 10.00 0.76 0.08 211.34 37.21 535.48 
Piñon-juniper at Los Piños 24/07/2010 19.99 121.80 62.00 14.69 0.08 450.10   1944.9 
25/07/2010 13.43 91.20 9.00 5.83 0.17 675.20 4390 
26/07/2010 15.66 61.20 14.00 7.61 0.13 592.70 1947.8 
03/07/2011 8.64 60.96 7.00 3.05 0.02 40.69 4.97 198.29 
11/07/2011 4.57 45.72 1.00 0.51 0.04 58.67 6.15 201.45 
21/07/2011 4.83 45.72 3.00 0.76 0.07 100.49 7.48 389.6 
31/07/2011 5.08 30.48 2.00 0.51 0.07 113.90 12.46 291.47 
05/08/2011 12.95 91.44 1.00 0.51 0.35 1359.83 166.96 3800.2 
18/08/2011 11.94 45.72 10.00 1.52 0.13 470.24 27.80 535.6 
21/08/2011 1.52 15.24 9.00 1.27 0.03 14.92 4.97 65.92 
  01/09/2011 11.43 60.96 9.00 0.76 0.21 707.03 52.16 1204.86 
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Appendix Table 6.2 Summary of linear regression results between runoff coefficient (RC) and rainfall 
characteristics (ER= Event rain (mm), I= maximum rainfall intensity (mm hr-1), I5 = maximum 5 min 
rain intensity (mm hr-1)). 
Site Slope-Intercept Equation R² P 
Grama Grassland in Basin RC=0.0024ER+0.0219 0.13 0.341 
Creosote Shrubland in Basin RC=0.0138ER-0.0024 0.68 0.003 
Grama Grassland at Los Piños  RC=0.003ER+0.0181 0.42 0.081 
Piñon-Juniper woodland at Los Piños RC=0.0076ER+0.0418 0.19 0.18 
Grama Grassland in Basin RC=0.0029I-0.0707 0.7 0.005 
Creosote Shrubland in Basin RC=0.0024I+0.0083 0.4 0.079 
Grama Grassland at Los Piños  RC=0.0018I-0.0008 0.28 0.176 
Piñon-Juniper woodland at Los Piños RC=0.0014I+0.0327 0.19 0.179 
Grama Grassland in Basin RC=0.0024I5-0.0211 0.32 0.115 
Creosote Shrubland in Basin RC=0.0026I5+0.0458 0.11 0.377 
Grama Grassland at Los Piños  RC=0.0017I5+0.0209 0.33 0.136 
Piñon-Juniper woodland at Los Piños RC=0.0017I5+0.0438 0.2 0.171 
 
Appendix Table 6.3 Summary of linear regression results between maximum discharge (Qm) and 
rainfall characteristics (ER= Event rain (mm), I= maximum rainfall intensity (mm hr-1), I5 = maximum 
5 min rain intensity (mm hr-1)). 
Site Slope-Intercept Equation R² P 
Grama Grassland in Basin Qm= 1.4699ER - 2.9172 0.93 0.000 
Creosote Shrubland in Basin Qm= 8.7869ER - 19.895 0.77 0.001 
Grama Grassland at Los Piños  Qm= 3.6505ER - 8.3439 0.43 0.074 
Piñon-Juniper woodland at Los Piños Qm= 9.0203ER - 33.361 0.46 0.063 
Grama Grassland in Basin Qm= 0.2986I - 3.4819 0.13 0.326 
Creosote Shrubland in Basin Qm = 1.7883I - 26.732 0.59 0.016 
Grama Grassland at Los Piños Qm = 0.9674I - 20.727 0.34 0.131 
Piñon-Juniper woodland at Los Piños Qm = 1.968I - 62.105 0.64 0.017 
Grama Grassland in Basin Qm = 0.4831I5 - 4.3038 0.24 0.189 
Creosote Shrubland in Basin Qm = 2.122I5 - 2.6718 0.21 0.219 
Grama Grassland at Los Piños Qm = 1.0557I5- 13.164 0.52 0.044 
Piñon-Juniper woodland at Los Piños Qm= 2.5423I5 - 45.026 0.59 0.025 
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Appendix Table 6.4 Summary of linear regression results between total discharge (Qt, (l)) and rainfall 
characteristics (ER= event rain (mm), I= maximum rainfall intensity (mm hr-1), I5 = maximum 5 min 
rain intensity (mm hr-1)). 
Site Slope-Intercept Equation R² P 
Grama Grassland in Basin Qt=22.178ER-62.507 0.84 0.001 
Creosote Shrubland in Basin Qt=91.383ER-341.18 0.77 0.001 
Grama Grassland at Los Piños  QT=28.83ER-71.39 0.67 0.027 
Piñon-Juniper woodland at Los Piños QT=46.455ER-47.993 0.4 0.038 
Grama Grassland in Basin QT=4.6992I-78.224 0.13 0.333 
Creosote Shrubland in Basin QT=15.535I-278.94 0.41 0.064 
Grama Grassland at Los Piños QT=6.9723I-141.2 0.43 0.077 
Piñon-Juniper woodland at Los Piños QT=8.1735I-81.464 0.36 0.049 
Grama Grassland in Basin QT=6.2507I5-57.61 0.16 0.291 
Creosote Shrubland in Basin QT=23.583I5-187.85 0.24 0.469 
Grama Grassland at Los Piños QT=6.1281I5-40.446 0.43 0.078 
Piñon-Juniper woodland at Los Piños QT=10.055I5-15.056 0.38 0.045 
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Appendix Table 6.5 Summary of linear regression results between ES (sediment yield (g)) and 
rainfall-runoff characteristics (ER= event rain (mm), I= maximum rainfall intensity (mm hr-1), I5 = 
maximum 5 min rain intensity (mm hr-1), Qt=total discharge (L), Qm= maximum discharge (L min-1), 
RC=runoff coefficient). 
Site Slope-Intercept Equation R² P 
Grama Grassland in Basin ES=34.976ER-19.196 0.63 0.010 
Creosote Shrubland in Basin ES=194.21ER-530.19 0.78 0.001 
Grama Grassland at Los Piños ES=70.496ER-178.75 0.37 0.113 
Piñon-Juniper woodland at Los Piños ES=173.14ER-371.03 0.41 0.035 
Grama Grassland in Basin ES=7.8254I-59.42 0.11 0.376 
Creosote Shrubland in Basin ES=27.239I-159.16 0.28 0.142 
Grama Grassland at Los Piños  ES=19.458I-450.42 0.31 0.155 
Piñon-Juniper woodland at Los Piños ES=36.548I-866.63 0.54 0.010 
Grama Grassland in Basin ES=6.6058I5+68.686 0.05 0.550 
Creosote Shrubland in Basin ES=20.004I5+524.43  0.04 0.617 
Grama Grassland at Los Piños  ES=20.369I5+271.29 0.43 0.077 
Piñon-Juniper woodland at Los Piños ES=51.744I5-860.98 0.74 0.001 
Grama Grassland in Basin ES=1.7434Qt+63.285 0.93 0.000 
Creosote Shrubland in Basin ES=2.0407Qt+228.16 0.94 0.000 
Grama Grassland at Los Piños  ES=3.1107Qt-104.67 0.88 0.001 
Piñon-Juniper woodland at Los Piños ES=3.0151Qt+104.49 0.67 0.002 
Grama Grassland in Basin ES=25.988Qm+33.455 0.81 0.001 
Creosote Shrubland in Basin ES=19.94Qm+10.811 0.82 0.000 
Grama Grassland at Los Piños ES=20.834Qm-47.804 0.97 0.000 
Piñon-Juniper woodland at Los Piños ES=22.382Qm+44.301 0.99 0.000 
Grama Grassland in Basin ES=2478.9RC+134.97 0.14 0.319 
Creosote Shrubland in Basin ES=12143RC-289.27 0.86 0.000 
Grama Grassland at Los Piños  ES=9322.3RC-329.09 0.81 0.008 
Piñon-Juniper woodland at Los Piños ES=11528RC+7.3729 0.54 0.010 
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Appendix Table 6.6 Summary of linear regression results between organic matter % (OM) and 
rainfall-runoff characteristics (ER= event rain (mm), I= maximum rainfall intensity (mm hr-1), I5 = 
maximum 5 min rain intensity (mm hr-1), Qt=total discharge (L), Qm= maximum discharge (L min-1), 
RC=runoff coefficient, ES = eroded sediment (g)). 
 
Site Slope-Intercept Equation R² P 
Grama Grassland in Basin OM=0.0541ER + 1.8622 0.81 0.001 
Creosote Shrubland in Basin OM=0.2612ER + 0.5846 0.601 0.008 
Grama Grassland at Los Piños OM=0.1645ER+ 4.4859 0.13 0.374 
Piñon-Juniper woodland at Los Piños OM=0.4724ER + 3.1132 0.75 0.001 
Grama Grassland in Basin OM =0.0182I + 1.5738 0.33 0.108 
Creosote Shrubland in Basin OM =0.0641I - 0.1479 0.659 0.008 
Grama Grassland at Los Piños OM=0.0556I + 3.5319 0.14 0.774 
Piñon-Juniper woodland at Los Piños OM=0.0613I + 4.103 0.38 0.045 
Grama Grassland in Basin OM=0.0307I5 + 1.4928 0.62 0.012 
Creosote Shrubland in Basin OM=0.029I5 + 1.2773 0.25 0.222 
Grama Grassland at Los Piños  OM=0.025I5 + 4.9739 0.04 0.620 
Piñon-Juniper woodland at Los Piños OM=0.0809I5 + 4.3654 0.45 0.025 
Grama Grassland in Basin OM=0.0019Qt+ 2.0676 0.58 0.017 
Creosote Shrubland in Basin OM=0.0028Qt + 1.5842 0.746 0.001 
Grama Grassland at Los Piños OM=0.0052Qt + 4.965 0.17 0.314 
Piñon-Juniper woodland at Los Piños OM=0.0052Qt + 5.6922 0.49 0.017 
Grama Grassland in Basin OM=0.0313Qm + 2.0112 0.63 0.011 
Creosote Shrubland in Basin OM=0.031QM+ 1.1 0.835 0.000 
Grama Grassland at Los Piños OM=0.0408Qm + 4.9452 0.25 0.206 
Piñon-Juniper woodland at Los Piños OM=0.029Qm + 5.7841 0.30 0.163 
Grama Grassland in Basin OM=3.3343RC + 2.1202 0.14 0.327 
Creosote Shrubland in Basin OM=15.339RC + 1.0168 0.58 0.011 
Grama Grassland at Los Piños OM=11.981RC + 4.8625 0.09 0.472 
Piñon-Juniper woodland at Los Piños OM=17.338RC + 5.8032 0.30 0.079 
Grama Grassland in Basin OM=0.0009ES+ 2.0437 0.43 0.057 
Creosote Shrubland in Basin OM=0.0011ES + 1.5064 0.553 0.014 
Grama Grassland at Los Piños  OM=0.0016ES + 5.1804 0.17 0.317 
Piñon-Juniper woodland at Los Piños OM=0.0012ES + 6.1729 0.37 0.047 
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Appendix Table 6.7 Summary of linear regression results between organic carbon mg g-1 (OC) and 
rainfall-runoff and sediment characteristics (ER= event rain (mm), I= maximum rainfall intensity (mm 
hr-1), I5 = maximum 5 min rain intensity (mm hr-1), Qt=total discharge (L), Qm= maximum discharge (L 
min-1), RC=runoff coefficient. ES=sediment yield (g)). 
Site Slope-Intercept Equation R² P 
Grama Grassland in Basin OC = 0.141ER + 2.666 0.4423 0.051 
Creosote Shrubland in Basin OC = 2.5367ER - 6.5958 0.5512 0.014 
Grama Grassland at Los Piños OC = 0.1521ER + 18.711 0.0062 0.853 
Piñon-Juniper woodland at Los Piños OC = 1.0027ER+ 19.319 0.2254 0.140 
Grama Grassland in Basin OC = 0.0355I + 2.3553 0.1004 0.406 
Creosote Shrubland in Basin OC = 0.6309I - 13.044 0.6342 0.010 
Grama Grassland at Los Piños OC = -0.0618I + 22.476 0.0113 0.802 
Piñon-Juniper woodland at Los Piños OC = 0.0493I + 23.592 0.0146 0.543 
Grama Grassland in Basin OC = 0.0915I5 + 1.4162 0.4408 0.051 
Creosote Shrubland in Basin OC = 0.7066I5 - 3.4718 0.1978 0.230 
Grama Grassland at Los Piños  OC = -0.3347I5 + 30.872 0.4369 0.939 
Piñon-Juniper woodland at Los Piños OC = 0.1127I5 + 24.509 0.0576 0.477 
Grama Grassland in Basin OC = 0.0037Qt + 3.3166 0.1832 0.250 
Creosote Shrubland in Basin OC= 0.0288Qt + 2.4778 0.768 0.001 
Grama Grassland at Los Piños  OC = 0.0156Qt + 17.532 0.0809 0.495 
Piñon-Juniper woodland at Los Piños OC = 0.0113Qt + 24.629 0.1565 0.229 
Grama Grassland in Basin OC= 0.0754Qm + 3.1023 0.293 0.132 
Creosote Shrubland in Basin OC = 0.3063Qm - 1.8738 0.795 0.001 
Grama Grassland at Los Piños OC = 0.1294Qm+ 17.32 0.1371 0.367 
Piñon-Juniper woodland at Los Piños OC= 0.0595Qm+ 24.803 0.065 0.542 
Grama Grassland in Basin OC= 2.7652RC+ 3.5703 0.0076 0.824 
Creosote Shrubland in Basin OC= 156.9RC - 3.2634 0.5904 0.009 
Grama Grassland at Los Piños OC = 70.457RC+ 14.638 0.1681 0.313 
Piñon-Juniper woodland at Los Piños OC = 36.253RC + 25.093 0.0885 0.374 
Grama Grassland in Basin OC = 0.0014ES + 3.3446 0.0891 0.453 
Creosote Shrubland in Basin OC = 0.0127ES + 0.706 0.6642 0.004 
Grama Grassland at Los Piños  OC = 0.0066ES + 17.488 0.1574 0.330 
Piñon-Juniper woodland at Los Piños OC= 0.0022ES + 26.379 0.0786 0.404 
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Appendix Table 6.8 Summary of linear regression results between event organic carbon loss (g) 
(OCl) and rainfall-runoff and sediment characteristics (ER= event rain (mm), I= maximum rainfall 
intensity (mm hr-1), I5 = maximum 5 min rain intensity (mm hr-1), Qt=total discharge (L), Qm= 
maximum discharge (L min-1), RC=runoff coefficient. ES=sediment yield (g)). 
Site Slope-Intercept Equation R² P 
Grama Grassland in Basin OCl=0.1727ER-0.2623 0.86 0.000 
Creosote Shrubland in Basin OCl=10.801ER - 53.278 0.58 0.010 
Grama Grassland at Los Piños OCl=1.7998ER-4.8567 0.32 0.141 
Piñon-Juniper woodland at Los Piños OCl=6.4188ER-19.707 0.52 0.012 
Grama Grassland in Basin OCl=0.0367I-0.389 0.14 0.325 
Creosote Shrubland in Basin OCl=2.2379I-64.217 0.45 0.049 
Grama Grassland at Los Piños OCl=0.4815I-11.153 0.26 0.201 
Piñon-Juniper woodland at Los Piños OCl=1.2723I-33.045 0.61 0.004 
Grama Grassland in Basin OCl=0.0508I5-0.2782 0.18 0.262 
Creosote Shrubland in Basin OCl=1.6474I5-81554 0.06 0.530 
Grama Grassland at Los Piños  OCl=0.5288I5-7.4922 0.4 0.094 
Piñon-Juniper woodland at Los Piños OCl=1.7607I5-31.103 0.8 0.000 
Grama Grassland in Basin OCl=0.0076Qt+0.241 0.98 0.000 
Creosote Shrubland in Basin OCl=0.1251Qt-17.849 0.89 0.000 
Grama Grassland at Los Piños  OCl=0.0826Qt-3.4433 0.85 0.002 
Piñon-Juniper woodland at Los Piños OCl=0.0982Qt+3.5865 0.67 0.001 
Grama Grassland in Basin OCl=0.1201Qm+0.061 0.96 0.000 
Creosote Shrubland in Basin OCl=1.298Qm-35.042 0.87 0.000 
Grama Grassland at Los Piños  OCl=0.56Qm-2.12 0.97 0.000 
Piñon-Juniper woodland at Los Piños OCl=0.6987Qm+0.5585 0.99 0.000 
Grama Grassland in Basin OCl=9.9634RC+0.5883 0.13 0.347 
Creosote Shrubland in Basin OCl=680.82RC-42.657 0.71 0.002 
Grama Grassland at Los Piños OCl=250.22RC-9.6041 0.79 0.003 
Piñon-Juniper woodland at Los Piños OCl=362.97RC+1.8844 0.5 0.014 
Grama Grassland in Basin OCl=0.004ES+0.0335 0.92 0.000 
Creosote Shrubland in Basin OCl=0.0539ES-24.242 0.8 0.001 
Grama Grassland at Los Piños  OCl=0.027ES-0.8247 0.99 0.000 
Piñon-Juniper woodland at Los Piños OCl=0.0323ES+0.5202 0.98 0.000 
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Appendix Table 6.9 Summary of linear regression results between event inorganic carbon loss (g) 
(ICL) and rainfall-runoff and sediment characteristics (ER= event rain (mm), I= maximum rainfall 
intensity (mm hr-1), I5 = maximum 5 min rain intensity (mm hr-1), Qt=total discharge (L), Qm= 
maximum discharge (L min-1), RC=runoff coefficient. ES=sediment yield (g)). 
Site Slope-Intercept Equation R² P 
Grama Grassland in Basin ICL = 0.4662ER - 0.4116 0.54 0.012 
Creosote Shrubland in Basin ICL = 10.691ER - 45.904 0.59 0.050 
Grama Grassland at Los Piños  ICL = 0.4479ER - 1.3442 0.28 0.174 
Piñon-Juniper woodland at Los Piños ICL = 1.0071ER - 1.9789 0.38 0.048 
Grama Grassland in Basin ICL = 0.0884I - 0.3539 0.47 0.190 
Creosote Shrubland in Basin ICL = 2.1276I- 53.61 0.49 0.044 
Grama Grassland at Los Piños  ICL = 0.1323I - 3.4332 0.26 0.201 
Piñon-Juniper woodland at Los Piños ICL = 0.2098I - 4.694 0.61 0.004 
Grama Grassland in Basin ICL = 0.0563I5 + 1.5452 0.19 0.727 
Creosote Shrubland in Basin ICL = 1.596I5 - 1.079 0.12 0.509 
Grama Grassland at Los Piños ICL = 0.1374I5 - 2.1819 0.37 0.104 
Piñon-Juniper woodland at Los Piños ICL = 0.2898I5 - 4.3472 0.61 0.004 
Grama Grassland in Basin ICL = 0.0247Qt+ 0.5419 0.89 0.000 
Creosote Shrubland in Basin ICL= 0.12Qt - 7.1592 0.87 0.000 
Grama Grassland at Los Piños ICL = 0.0217Qt - 1.1695 0.83 0.002 
Piñon-Juniper woodland at Los Piños ICL = 0.0206Qt - 0.4881 0.84 0.000 
Grama Grassland in Basin ICL = 0.3581Qm + 0.2007 0.73 0.003 
Creosote Shrubland in Basin ICL = 1.2432Qm - 23.565 0.85 0.000 
Grama Grassland at Los Piños  ICL = 0.147Qm - 0.8012 0.93 0.000 
Piñon-Juniper woodland at Los Piños ICL = 0.164Qm - 0.1165 0.98 0.000 
Grama Grassland in Basin ICL = 36.546RC + 1.5063 0.15 0.309 
Creosote Shrubland in Basin ICL = 0.0524RC - 13.948 0.66 0.004 
Grama Grassland at Los Piños  ICL = 65.268RC - 2.7486 0.76 0.005 
Piñon-Juniper woodland at Los Piños ICL = 81.995RC - 1.5319 0.73 0.001 
Grama Grassland in Basin ICL = 0.0142ES - 0.3686 0.97 0.000 
Creosote Shrubland in Basin ICL = 0.0524ES - 13.948 0.74 0.001 
Grama Grassland at Los Piños ICL = 0.0072ES - 0.4996 0.98 0.000 
Piñon-Juniper woodland at Los Piños ICL = 0.006ES - 0.0113 0.94 0.000 
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Appendix Table 9.1 Concentration (µg g-1 ±SE, n=10) of n-alkanes in vegetation samples   
 
 
Mean n-alkane concentrations µg g
-1
(n=10)  
 Vegetation type C27 C29 C31 C33 C35 
Grama Grass  0.24±0.08 1.47±0.50 4.52±0.53 6.07±0.86 0.58±0.20 
Creosote  0.35±0.10 0.18±0.05 0.04±0.01 0.04±0.01 0.00±0.01 
Juniper  0.10±0.03 0.14±0.04 0.46±0.13 4.73±0.34 1.55±0.44 
Piñon 0.09±0.03 0.13±0.04 0.07±0.01 0.03±0.01 0.00±0.01 
 
Appendix Table 9.2 Mean n-alkane concentrations (µg g-1±SE, n=3) in surface soil samples under 
different cover at each study site.  
 
  Mean n-alkane concentration µg g
-1
±SE , n =3)       
Site Cover C27 C29 C31 C33 C35 
Grama Grass in basin Bare 0.018±0.020 0.019±0.021 0.170±0.189 0.021±0.023 0.036±0.040 
Grama Grass in basin Grass 0.010±0.003 0.017±0.006 0.163±0.052 0.020±0.006 0.036±0.011 
Creosote in basin Bare 0.002±0.001 0.004±0.001 0.004±0.001 0.002±0.001 0.009±0.002 
Creosote in basin Woody 0.013±0.003 0.010±0.003 0.005±0.001 0.003±0.001 0.017±0.005 
Grama Grass at Los Piños Bare 0.020±0.005 0.027±0.006 0.163±0.042 0.020±0.005 0.016±0.004 
Grama Grass at Los Piños Grass 0.015±0.005 0.017±0.006 0.162±0.054 0.022±0.007 0.036±0.012 
Piñon-Juniper at Los Piños Bare/Grass 0.019±0.007 0.024±0.008 0.033±0.011 0.599±0.207 0.307±0.106 
Piñon-Juniper at Los Piños Woody 0.036±0.012 0.053±0.017 0.027±0.009 0.461±0.149 0.175±0.057 
 
Appendix Table 9.3 Mean n-alkane concentrations (µg g-1 ±SE, n = 8-11 depending on number of 
rainfall-runoff events monitored) in eroded sediment from each study site.  
 
Site (n) Mean n-alkane concentrations µg g
-1
±SE   
 C27 C29 C31 C33 C35 
Grama Grass in Basin (10) 0.04±0.01 0.09±0.02 0.12±0.03 0.05±0.01 0.01±0.01 
Creosote in Basin (10) 0.05±0.02 0.9±0.03 0.09±0.03 0.02±0.01 0.01±0.01 
Grama Grass at Los Piños (8) 0.05±0.01 0.09±0.02 0.14±0.04 0.19±0.03 0.09±0.01 
Piñon-Juniper at Los Piños (11) 0.07±0.01 0.1±0.02 0.13±0.03 0.23±0.04 0.12±0.01 
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Appendix Table 9.4 details concentrations for long chain n-alkane homologues, for all monitored 
rainfall-runoff events. Event date, total rainfall (ER), maximum intensity (Lm) and n-alkane 
concentrations for each rainfall event monitored during the 2010 and 2011 monsoon seasons.  
Study Site Event Date ER (mm) Lm (mm hr
-1
) n-alkane concentration µg g
-1
 
C27 C29 C31 C33 C35 Total 
Grama Grass in Basin 25/07/2010 21.0 45.6 0.071 0.115 0.118 0.041 0.034 0.379 
12/07/2011 4.3 61.0 0.051 0.173 0.283 0.090 0.000 0.598 
29/07/2011 4.1 30.5 0.040 0.154 0.276 0.101 0.000 0.571 
31/07/2011 17.8 45.7 0.000 0.045 0.076 0.037 0.000 0.157 
19/08/2011 1.3 15.2 0.017 0.041 0.062 0.025 0.000 0.145 
21/08/2011 1.8 30.5 0.017 0.032 0.045 0.022 0.000 0.116 
24/08/2011 4.1 30.5 0.021 0.045 0.068 0.032 0.000 0.166 
03/09/2011 4.1 30.5 0.025 0.045 0.053 0.020 0.000 0.143 
  07/09/2011 6.4 45.7 0.112 0.142 0.136 0.046 0.000 0.436 
Creosote in Basin 28.06.2010 14.1 NA 0.017 0.028 0.014 0.001 0.012 0.072 
25.07.2010 20.0 91.2 0.017 0.033 0.043 0.021 0.000 0.113 
01.08.2010 7.6 76.2 0.104 0.171 0.163 0.044 0.018 0.499 
12/07/2011 8.0 61.0 0.043 0.062 0.067 0.022 0.000 0.195 
29/07/2011 3.0 30.5 0.085 0.113 0.096 0.027 0.000 0.321 
31/07/2011 13.2 30.5 0.024 0.037 0.042 0.018 0.000 0.121 
19/08/2011 1.8 15.2 0.000 0.033 0.042 0.000 0.000 0.075 
24/08/2011 3.3 15.2 0.000 0.027 0.029 0.000 0.000 0.056 
03/09/2011 4.1 30.5 0.156 0.275 0.291 0.044 0.018 0.783 
  07/09/2011 5.3 45.7 0.023 0.070 0.082 0.019 0.000 0.194 
Grama Grass at Los 
Piños 03/07/2011 8.6 61.0 0.023 0.031 0.053 0.107 0.042 0.256 
11/07/2011 4.3 45.7 0.000 0.023 0.042 0.098 0.043 0.206 
21/07/2011 4.3 30.5 0.040 0.057 0.072 0.193 0.077 0.438 
31/07/2011 3.8 30.5 0.072 0.158 0.269 0.315 0.142 0.956 
05/08/2011 13.2 61.0 0.078 0.175 0.301 0.310 0.120 0.984 
18/08/2011 13.7 45.7 0.031 0.045 0.070 0.104 0.045 0.295 
21/08/2011 1.8 15.2 0.082 0.115 0.162 0.212 0.110 0.681 
  01/09/2011 11.9 45.7 0.055 0.099 0.157 0.213 0.120 0.644 
Piñon-Juniper 24.07.2010 20.0 121.8 0.025 0.040 0.073 0.181 0.085 0.404 
25.07.2010 13.4 91.2 0.051 0.061 0.080 0.235 0.091 0.518 
26.07.2010 15.7 61.2 0.061 0.080 0.093 0.148 0.067 0.450 
03/07/2011 8.6 61.0 0.016 0.032 0.065 0.242 0.086 0.441 
11/07/2011 4.6 45.7 0.053 0.058 0.054 0.088 0.078 0.331 
21/07/2011 4.8 45.7 0.055 0.062 0.062 0.112 0.090 0.382 
31/07/2011 5.1 30.5 0.071 0.074 0.065 0.109 0.097 0.415 
05/08/2011 13.0 91.4 0.067 0.138 0.257 0.421 0.192 1.074 
18/08/2011 11.9 45.7 0.184 0.257 0.286 0.373 0.182 1.282 
21/08/2011 1.5 15.2 0.094 0.147 0.231 0.376 0.198 1.047 
  01/09/2011 11.4 61.0 0.055 0.104 0.168 0.249 0.118 0.695 
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